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Spin-polarized photoelectron diffraction (SPPD) has previously been proposed as a technique for
studying short-range magnetic order in magnetic materials, and the first experimental study of this
kind was performed on the ionic antiferromagnetic KMnF3 [B.Sinkovic, B. Hermsmeier, and C. S.
Fadley, Phys. Rev. Lett. 55, 1227 (1985)]. We present here a much more detailed study of SPPD for
the antiferromagnetic transition-metal oxide MnO with a (001) surface orientation. The Mn 3s and
Mn 3p multiplets have been studied using both low-energy (192.6 eV) and high-energy (1486.7 eV)
x-ray excitation and the intensity ratios I('S( f ))/I('S($)) and I('P( f ))/I('P($)) have been mea-
sured as a function of both direction and temperature. Data obtained with the lower excitation en-

ergy and resulting in kinetic energies of 50-100 eV show an abrupt change or step in both the
I('S( f ))/I( S($)) and I('P( t))/I('P($)) intensity ratios at =530+20 K or =4.5 times the Neel
temperature T&. This change is interpreted to be a new type of short-range-order transition occur-
ring at what is denoted TsR. Also, these same quintet or septet intensity ratios show a weak peak at
T&, suggesting for the first time that SPPD has sensitivity to long-range magnetic order. Data ob-
tained for the I('S( t'))/I{ S($)) intensity ratio with the higher excitation energy show no such
effects, a result consistent with the much weaker exchange scattering expected at such energies. Ad-
ditional x-ray photoelectron spectroscopy spectra and azimuthal scans of Mn and 0 core-level in-
tensities are considered and these establish that (i) the sample surface had good stoichiometry and
was very clean and well ordered, (ii) the SPPD effects observed at TSR are not due to any surface
structural change, and (iii) a single-scattering cluster (SSC) theoretical model is at least a qualitative-
ly reasonable starting point for describing such effects. We also compare experimental results for
the magnitudes of these steps with calculations based upon exchange scattering in the spin-polarized
SSC model [B.Sinkovic and C. S. Fadley, Phys. Rev. B 31, 4665 (1985)],and conclude that there is
at least qualitative agreement. A final aspect of our data concerns the temperature dependence of
the Mn3d-dominated valence-band spectra: These spectra are found to show no measurable
change in crossing TsR, but by contrast exhibit a large 0.4-eV increase in width in going below T&,
which is in contradiction to recent theoretical predictions.

I. INTRODUCTION

The use of spin-polarized photoelectron diffraction
(SPPD) as a new technique for studying surface and
near-surface short-range spin order in magnetic materials
has previously been discussed from both theoretical'
and e;xperimental points of view. A principal positive
feature of this technique in comparison to other surface-
sensitive probes of magnetic order, such as the spin-
polarized versions of low-energy electron diffraction,
Auger spectroscopy, photoemission, inverse photoemis-
sion, or electron microscopy, is that in SPPD the origin
of the spin-resolved electrons is internal to the sample,
and thus the electron spins are referenced directly to the
local magnetic lattice around a given emitter. This yields
two important consequences: First, SPPD studies do not
require an external spin detector or an external spin-
polarized source, thereby greatly reducing the difficulty
of the experiment. Second, because of this internal re-
ferencing, SPPD is capable of investigating magnetic sys-
tems more complex than simple ferromagnets; that is,
there is no requirement that the sample have a macro-
scopic magnetic moment (net magnetization). Thus,
SPPD is particularly well suited for studying systems

with antiferromagnetic order, and the first observations
of such effects were in fact for the antiferromagnet
KMnF3. The time scale of photoemission is also very
short (approximately 10 ' —10 ' sec), thus making it
considerably faster than that of some other techniques
currently used for studying short-range magnetic order
such as neutron scattering, but comparable in time scale
to that of the very surface-sensitive two-electron capture
by deuterons. '

The spin-polarized electrons in SPPD arise from an
exchange-split outer core-level multiplet in a high-spin
ion. For all studies to date, the Mn + ion in a high-spin
state of [3s 3p 3d ] S has been used. Emission of a 3s
electron from this ion produces an easily resolved doublet
with a separation of about 6 eV. Such multiplet splittings
in ionic solids have been known for some time" ' and
arise primarily via intra-atomic final-state I.-S term split-
tings. In s emission this gives rise to a peak separation
proportional to [2S+1]K(3s-3d), where S is the initial-
state spin and I(: is the 3s-3d exchange integral, a result
that is derived from the Van Vleck theorem. "' ' For
high-spin Mn +, S =—', and the final ionic states with a 3s
hole are [3s'3p 3d ] coupled to S and S; the predicted
splitting in simple one-electron Hartree-Fock theory is
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approximately 13 eV. Bagus, Freeman, and Sasaki'
went beyond this simple interpretation by pointing out
that more correct final-state wave functions for the S
and S states could be obtained from a final-state
configuration-interaction (CI}approach. The inclusion of
CI was found to yield S- S separations of about 6 eV
that are in much better agreement with experiment.
Within either model of these splittings, the two dominant
photoelectron peaks in the 3s multiplet can be considered
to be highly spin polarized. If the emitter is taken to be
spin up, the predicted polarizations in these peaks are
71% spin down in the S peak and 100% spin up in the
S peak. " ' ' ' More recent data by Hermsmeier

et al. ' "have served to confirm this essentially intra-
atomic interpretation of such spectra in solids. In this
work, outer core-level 3s and 3p spectra from gas-phase
atomic Mn have been compared with those from the
solids MnF2, MnO, and Cdo 3MnQ 7Te and it was found
that the multiplet structures (including weaker CI satel-
lites not discussed here) are essentially identical. This
study thus strongly supports the idea of spin-resolved 3s
and 3p spectra in these multiplets. This intra-atomic, un-
screened interpretation of these multiplets has more re-
cently been confirmed in a theoretical analysis by Kins-
inger et al. ;'@ ' they conclude that final-state screening
effects are only important for 3d compounds containing
Ni2+ and Cu +. Even in the presence of screening, the
observed multiplets may be spin polarized, but their in-
terpretation becomes more complex.

Given such an internally referenced source of spin-
polarized electrons, the origin of SPPD effects then lies in
differences in the scattering of spin-up and spin-down
photoelectrons from the magnetic moments of neighbor-
ing atoms as these electrons leave a single-crystal speci-
men. Prior discussions of SPPD have focused on the ex-
change term in the elastic scattering potential as the ori-
gin of this asymmetry, ' and we shall adopt this point of
view also in the discussion here. It is also possible that
inequivalent inelastic scattering for spin-up and spin-
down electrons may play a role, although this is expected
to be a smaller effect. '"' ' ' as discussed further below.
Additional effects due to spin-orbit scattering might also
have to be included in a fully accurate treatment of these
effects, but these have so far been neglected in consider-
ing antiferromagnetic systems, primarily because of the
canceling nature of the antiparallel spins. In photoelec-
tron diffraction (PD} without spin resolution, SPPD
efFects will usually be averaged out because the neighbor-
ing ions either have zero magnetic moments or moments
that are randomly oriented relative to a given emitter.

Potoelectron diffraction at energies above a few hun-
dred eV has been found to be well modeled by single-
scattering cluster (SSC}calculations with the inclusion of
spherical-wave (SW} scattering. ' PD effects at energies
as low as 100 eV have been semiquantitatively predicted
in this way. ' ' ""' "' Within this model, photoelec-
tron emission gives rise to an outgoing spherical wave
which is attenuated due to both the usual 1 ir factor and
exponential inelastic effects. This strong attenuation
makes photoelectron diffraction in general a short-range
near-neighbor probe much like surface extended x-ray-

absorption fine structure (SEXAFS).' The extension of
the SSC model to a spin-polarized case involves the
correct inclusion of the 3d exchange term in the atomic
potentials that are used to create the mufFin-tin potential
from which scattering phase shifts are derived, as dis-
cussed in detail elsewhere. However, a fully accurate
treatment of the exchange interaction for free electrons is
not available. ' Thus, in the calculations presented
here, we have used two different density-functional ex-
change approximations to calculate spin-dependent phase
shifts: the Dirac-Hara (DH} approximation with an
energy-dependent a parameter and the Kohn-Sham '

(KS) approximation with an a constant of —', . Since KS is

expected to be too strong for free electrons and it has also
recently been realized that DH may fall off too fast with
increasing energy, ' our results are expected to approxi-
mately bracket the correct values.

The first SPPD studies by Sinkovic et al. ' dealt with
the antiferromagnet KMnF3. For this system, it was
found that an abrupt change in the spin-up to spin-down
or I( S)/I( S) intensity ratio occurred well above the
Neel temperature at approximately 2.7T& or 240 K. No
change in this ratio was noted on going toward Tz. This
abrupt change well above Tz was suggested to be due to
a sudden decrease of the short-range antiferromagnetic
order around a given emitter at a temperature that was
termed the short-range order transition temperature TsR.
Diffraction calculations as discussed above yield results
that agree qualitatively with the signs and magnitudes of
the effects seen in experiment. More recent heat-
capacity data that have been obtained on KMnFi (Ref.
22} further show a small peak near TsR that may be con-
nected with this loss of short-range order. However,
there are at present no theoretical calculations based
upon the statistical mechanics of such spin systems that
predict such a sharp loss of short-range order at a tem-
perature well above the Neel temperature. ' In
another recent SPPD study, Johnson, Starnberg, and
Hughes reported spin-up to spin-down intensity ratio
changes in the Cr + 3s multiplet found in NaCrS2. These
measurements were made at high and low temperatures,
but did not involve a detailed study of temperature
dependence; thus, no conclusions regarding the presence
or absence of a sharp short-range-order transition can be
drawn from this work.

It is therefore of considerable interest to see whether
such effects are found in other materials and to begin to
establish their systematics. To this end, we have made a
detailed study of such effects in antiferromagnetic MnO.
A preliminary account of this work appears elsewhere,
but we present here considerably more experimental data
and also compare theoretical and experimental SPPD
effects for this system.

MnO is of interest for such a study for several reasons.
Its high-spin Mn + ions exhibit a well-resolved 3s doublet
with a 6.0-eV spacing that is well suited for monitoring
SPPD effects. The possible existence of short-range mag-
netic order at temperatures up to approximately 200
above the Neel temperature of TN =120 K has been pos-
tulated for MnO based upon neutron-diffraction studies
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of its antiferromagnetic structure. However, to our
knowledge, no systematic studies have been carried out to
monitor this proposed short-range order as a function of
temperature.

MnO (manganosite) is a type-II antiferromagnet with a
Neel temperature (T~. ) of 118—120 K. It has the sodi-

0

um chloride structure with a lattice constant of 4.445 A
at ambient conditions that decreases smoothly to 4.437 A
at Tz, where the crystal undergoes a small cubic-to-
rhombohedral lattice distortion of =0.5' due to a con-
traction along the [111]antiferromagnetic direction. The
lattice constant then again smoothly decreases to =4.431
A at liquid-helium temperatures. ' Apart from this
cubic-to-rhombohedral transition, there are no other
structural phase transitions known over the full range of
temperatures used in this study (60—900-K range), with
all changes in the lattice constant being smooth functions
of temperature except at the Neel temperature. Heat-
capacity data for room temperature and below also show
no anomalies except at the Neel temperature.

We report here for MnO the most detailed study to
date of SPPD effects and their relationship to short-range
magnetic order (SRMO). A single crystal of this antifer-
romagnet with (001) surface orientation has been studied
with both low-energy (Mo M(=192.6 eV) and high-
energy (Al Ea = 1486.7 eV) excitations and for emission
from two different core levels: Mn 3s and Mn 3p. (Prior
SPPD work has involved only 3s emission. ) Data in-

volving both the more common form of photoelectron
diffraction without spin resolution and spin-polarized
photoelectron diffraction are discussed. In the SPPD
portion of the results, the spin-up to spin-down ratio is
monitored as a function of both direction and tempera-
ture, with fine steps being made in the temperature so as
to determine the precise form of what we find to be a
short-range-order transition. Other possible causes of the
behavior at the short-range-order transition temperature
are considered and ruled out. Finally, theory is corn-
pared to experiment for both non-spin-resolved and spin-
polarized photoelectron diffraction. As an additional as-
pect of our experimental data, we also present 3d
Valence-band spectra that show no measurable change in
crossing TsR but a significant change in width on cross-
ing T~; no such effect has been seen before.

II. EXPERIMENTAL

All photoelectron spectra were obtained with a VG In-
struments ESCALAB5 spectrometer equipped with a
custom-designed two-axis specimen goniometer' '" and a
Surface Science Laboratories Model 3390 multichannel
detector ' for angle-resolved studies. The goniometer
permitted high-precision automated rotation of both the
polar (8) and the azimuthal (P) angles of emission, as
defined in Fig. 1. Both angles were controlled to an accu-
racy of +0.3 . Temperature variation of the specimen be-
tween 60 and 1300 K also was possible. Heating was ac-
complished with a resistive button heater (Spectra-Mat
E-292) situated just below the specimen and inside a
molybdenum barrel. Cooling was effected by firmly con-
necting a Ag-coated Cu braid to the rotating sample
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FIG. 1. The experimental geometry, with various angles
defined.

holder with a Cu clamp; the other end of the Cu braid
was firmly fastened to a specially designed UHV cold
finger which could be cooled by either liquid nitrogen or
liquid helium. Temperature measurements were made
with two Chromel-Alumel thermocouples attached very
near the sample, as well as with an infrared pyrometer
cross-calibrated against the thermocouples. The estimat-
ed absolute accuracy in the temperatures reported here is
+25', although for a given crystal mounting, the relative
temperatures over a scan were known to within +10' (ex-
cept over the lowest temperature regions where the re-
duced response of the thermocouple increased this to
+20'). Both standard Al Ea (1486.7 eV) radiation and
the less commonly used Mo Mg (192.6 eV) radiation were
used for excitation. Two Mo anodes constructed as
modifications of the standard Cu anode of the spectrome-
ter were used: one consisted simply of a 5-mil-thick Mo
foil cap wired to the anode and the other, developed by
Scherrer, consisted of 5000 A of Mo deposited on suc-
cessive Ni and Cr underlayers to promote adhesion and
prevent diffusion. A 50-pg/cm carbon foil window was
used to isolate the x-ray source from the sample region.
Fully UHV conditions of 5.0X10 " Torr were main-
tained during all of the measurements reported here.

The specimen used for this study was a single crystal of
MnO cut in wafer form with (001) surface orientation; its
dimensions were 1.8 mm thick by 9.0 mm diameter.
Laue diffraction verified that this orientation was good to
within +0.4. The most common impurities usually asso-
ciated with MnO are the higher-order oxides, carbides,
and hydroxides such as Mn02, Mn20&, Mn&04, MnCO&,
and Mn(OH)2. ' Of these, MnOz was suspected of
being the most important for our sample because its dis-
tinctive brown color was usually present immediately
after any cutting or light grinding of the surface. Howev-
er, polishing was found to remove the brown areas of the
surface, leaving the dark green color characteristic of
MnO clearly visible. Mn02 furthermore decomposes to
MnO at approximately 800 K, a temperature normally
reached during our in situ annealing process. We com-
ment below on the initial presence of some additional im-
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purities and the final in situ analysis of the specimen sur-
face.

The initial cutting of the sample was done with
diamond-cutting tools and an oil-based lubricant to
which MnO showed no reactivity. The disc was subse-
quently polished with 600 grit silicon carbide paper and
diamond abrasive pastes of 15-, 8-, 3-, 1-, and 0.25-pm
grit size, followed by a final light buff on a lubricated
nylon cloth. Crystal alignment was again checked with
Laue after the polishing procedure and found to have
remained constant. At the end of this process, the sur-
face exhibited a smooth mirror finish, with the only im-
perfections being some small and highly re6ective regions
that occupied at most 10% of the surface area. These
small blemishes could not be eliminated by repolishing
with various recipes and so, to try to assess them further,
we examined both the smooth and blemished regions of
the surface with scanning electron microscopy (SEM)
combined with energy-dispersive x-ray fluorescence spec-
troscopy (EDXFS). At most, it was found that the blem-
ishes may have approximately 5% less Mn than a smooth
surface region, suggesting the possible presence of other
manganese compounds. Surface-sensitive grazing-
emission x-ray photoelectron difFraction (XPD} measure-
ments, however, showed strong patterns characteristic of
a well-ordered NaC1 structure, and also gave a
stoichiometry very close to that of MnO (see below).
Thus, particularly since less than 10% of the surface is
affected, these blemishes should have negligible inhuence
on our photoelectron diffraction measurements.

Just after the specimen was placed in the spectrometer,
overall x-ray photoelectron spectroscopy (XPS) core
spectra revealed several impurities on the surface: C as
expected, plus Ca, Si, K, and Al. After repeated cycles of
Ar+ bombardment at =45' incidence and =500-V ener-

gy, followed by annealing at =900 K, these impurities
could be eliminated from the surface; that is, no impuri-
ties were detectable with XPS after this cleaning pro-
cedure. However, as discussed in more detail below, Si
and Al appeared to be low-level bulk impurities that
could segregate to the surface at elevated temperatures,
and so care was exercised to avoid their interfering with
the Mn spectral regions of interest.

In order to work at lower kinetic energies for which
spin-dependent scattering effects are expected to be larg-
est, all of the SPPD studies were done using Mo Mg ra-
diation. In Fig. 2 we compare spectra obtained with Mo
Mg and Al Ka excitation for the low-binding-energy re-
gion of principal interest in this study. These two spectra
contain both of the outer core-level 3s and 3p multiplets
that have been used to monitor SPPD effects, as well as
the valence-band region. The inhuence of photoelectric
cross-section changes on relative intensities is also ap-
parent, especially for the predominantly 3d valence bands
which are much more intense at the lower energies.
There is also an increase in the relative intensity of the Al
2p impurity peak at =75 eV for low excitation energy,
thus making its effects on the region between the S and
P multiplet peaks more obvious than in the Al Ka spec-

trum.
XPS stoichiometries derived from Mn 2@3/2 and 0 1s
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FIG. 3. XPS spectra from the spin-orbit split Mn 2p levels
are shown at grazing {8=10) and normal {61=90') emission.
These spectra show the characteristic 2p satellites at =6-eV
higher binding energy than the main lines; they are evident in
both the surface-sensitive 10 spectrum and the more bulk sensi-
tive 90 spectrum.

intensities and standard analytical formulas' '" were also
found to be very close to that of MnO for both normal
emission (Mn~ pOt ]5) and more surface-sensitive grazing
emission at 8=10 (Mn, pO, 3}. With an estimated accu-
racy of +0.15 in these numbers, they are thus consistent
with having MnO at the surface, although there may be a
slight amount of excess oxygen. Under these clean-
surface conditions, the sample was found to be extremely
stable, with little or no accumulation of impurities onto
the surface over a several-day time period involving cy-
cling through the entire temperature range.

As a further analytical probe of the sample chemical
state, Fig. 3 shows A1Ea-excited Mn 2p spectra for two
emission directions: normal to the surface (8=90') with
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maximum bulk sensitivity and at a very low angle with
respect to the surface (8=10 ) which should have a sur-
face sensitivity comparable to our SPPD measurements
with Mo Mg excitation. At both angles, the 2p spectra
are very similar, including the positions and relative in-
tensities of the satellites that are well known to be associ-
ated with MnO. These results thus also indicate an
MnO stoichiometry at the surface. This stoichiometry is
also con6rmed by the identical Mn 3s and 3p multiplet
splittings found with more bulk sensitive Al Ka excita-
tion and more surface sensitive Mo Mg excitation (cf.
Fig. 2) and the excellent agreement of these splittings
with prior studies.

The need to measure multiplet peak-intensity ratios
very precisely for this SPPD study, coupled with the in-
sulating properties of MnO, made it necessary both to
maintain impurity levels at constant low values over the
entire duration of a temperature scan and to correct for
charging efFects at lower temperatures.

Of the impurities present on the surface, Si and Al
were the most problematic in that they had a tendency to
diffuse to the surface at high temperatures and the Si 2p
and the Al 2p photoelectron peaks interfered with those
of the Mn 3s and 3p multiplets. An indication of this can
be seen in Fig. 2, where the Al 2p is seen between the Mn
3s and 3p regions for the Mo Mg spectrum. This surface
segregation influenced the choice of annealing tempera-
ture, which needed to be high enough to allow the crystal
to recover from the sputter damage incurred during the
cleaning process and low enough to limit the surface
segregation. A temperature of approximately 900 K and
a duration of approximately 8 h were found to best ac-
commodate both requirements. In order to minimize
such segregation effects, all temperature scans shown in
this paper were done in a high to low temperature
fashion, with a repeat of the highest temperature point
being made at the end as a check for reproducibility.

It was also critical to neutralize any specimen charging
effects so that peak relative intensities were not spurious-
ly influenced by resulting peak broadening or shifting.
At ambient conditions MnO is known to be a good insu-
lator, with the log of its resistivity being approximately
linear with temperature. Charging effects originate
from the x-ray-induced removal of primary and sec-
ondary electrons from the surface and subsurface regions.
The net charge at the surface is dependent on several fac-
tors such as the near-surface conductivity, the photon
flux, the secondary electron flux from the nearby x-ray
isolation window, radiative heating from the x-ray tube,
and instabilities in the electron flood gun (Hewlett-
Packard Model HP-18623} used to compensate these
charging effects. At typical experimental conditions for
the operation of the Mo anode with 4 kV and 10 mA or a
power of 40 W, charging shifts of about 10 eV were ob-
served at room temperature. The change in conductivity
under these conditions was determined by monitoring the
Mn 3p peak position with the flood gun off; as is shown in
Fig. 4. These results indicate that the near-surface con-
ductivity of MnO steadily increases up to approximately
480 K, at which point the specimen becomes sui5ciently
conducting as judged by photoemission that no further
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III. RESULTS AND DISCUSSION

A. Verification of near-surface structure
by photoelectron difi'raction

We begin by considering the degree of crystalline order
at the surface of our specimen, since the photoelectron
diffraction process has already been shown to be highly
sensitive to the degree of near-surface order. ' ' ' ' Be-
cause of the insulating character of MnO at ambient tem-
perature, low-energy electron-difFraction measurements
were not possible. Thus, in order to monitor the struc-
ture and order in the near-surface region, azimuthal
scans of 0 1s and Mn 2p intensities were taken at various

peak shifts or broadenings are noted. Furthermore, peak
positions are found to remain constant with changes in
flood-gun current above 480 K. An interesting observa-
tion from this data is thus that the near-surface region of
the specimen measured by XPS changes over a rather
narrow temperature interval to a state that is sufficiently
conducting to eliminate sample charging effects.

For temperatures below 480 K, it was thus necessary
to employ the flood gun to neutralize the surface; typical
operating parameters were an emission current of 100 pA
with a stability of +0.5 pA and a kinetic energy of 1.0
eV. For maximum consistency, the flood gun was used
throughout all critical temperature scans discussed in this
paper. At each temperature point, the flood gun was ad-
justed to yield spectra with the same peak position and
resolution as reference spectra taken well above 480 K.
However, we note that the short-range magnetic order
transition region near Tsl =530 K that will be of princi-
pal interest here is well above the point at which the sur-
face becomes conducting, and therefore the precise na-
ture of the charge compensation does not in any way
affect our conclusions concerning this transition.
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polar angles. These were subsequently compared to pre-
viously obtained 0 1s azimuthal data for NiO(001), which
grows in the same NaC1 structure on Ni(001), as well as
to theoretical simulations with the single-scattering clus-
ter model for ideal MnO(001). These results are shown in

Figs. 5 —7. The general forms of the experimental azimu-
thal scans were present from the very first measurements
on the sample, but the degree of anisotropy increased
with cleaning and annealing in vacuum. That is, if we
define the degree of anisotropy in a given scan to be
(I,„I—;„)/I,„=EI/I, „,it was found to show a sub-
stantial increase from =20% initially to =50% after the
crystal surface was fully prepared for SPPD studies. Pri-
or work shows anisotropies of the order of 50% to be in-
dicative of a very highly ordered surface. ' ' '

We consider first Fig. 5, which compares an 0 1s az-
imuthal scan from MnO(001) taken with Al Ea radiation
at 8=45' with an analogous scan from a NiO(001) film

grown by oxidation and annealing on Ni(001). The very
close agreement in form and anisotropy (48% versus
53%, respectively) between the two scans testifies to the
high quality of the MnO near-surface region obtained. In
Fig. 6, single-scattering cluster (SSC) calculations for
MnO with the inclusion of spherical-wave (SW) scatter-
ing are compared to the 0 ls data of Fig. 5. Curves mak-
ing use of both the Kohn-Sham ' ' (KS) and Dirac-
Hara ' (DH) approximations for exchange are shown.
There is in general very good agreement here, even as to
the degree of anisotropy, which is only overestimated in
theory by 13—14%, an amount that can easily be due to
the presence of a certain number of defects or blemishes
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(KS) energy-independent interaction. The nonstructural param-
eters used were an inner potential of 25 V, an electron mean free
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path of 8 A, and Debye-Wailer effects appropriate for ambient
temperature.
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FIG. 5. A comparison of 0 1s XPD azimuthal patterns for
our MnO(001) crystal and a NiO(001) 51m grown on a Ni(001)
substrate (Ref. 37) indicating a high degree of structural similar-
ity between the two NaC1 lattices. The overall anisotropies of
AI/I, „=(I,„—I;„)/I,„are given for the two curves.
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FIG. 7. Four azimuthal scans, all taken under very surface-
sensitive conditions of either grazing emission (a) or low energy
(b), show the high degree of surface structural order as evi-

denced by the large anisotropies found. The two curves in (a)
were taken at grazing emission (0=10') using Al Ka radiation.
The spectra in (b) were taken at 0=45' using the lower-energy
Mo Mg source.
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on the surface and/or some degree of multiple scattering.
These results thus further indicate the high degree of or-
der obtained on this MnO surface. They also provide fur-
ther support for the validity of the SSC-SW model for
describing such XPD data, including its spin-dependent
generalization that will be considered later in this paper.
The azimuthal scan from the intense Mn 2p3/2 core-level
is not presented here, although for 8=45' it shows good
agreement with the 0 1s curve of Fig. 6, and a similar an-
isotropy.

Figure 7 shows much more surface-sensitive azimuthal
scans involving either grazing emission at high kinetic en-
ergies (0 ls and Mn 2p3/2 with Al ICa excitation} or a
higher angle of takeoff of 45' but lower kinetic energies
for which the surface sensitivity will be essentially equal
to those in our SPPD experiments (Mn 3p and Mn 3s
with Mo Mg excitation). Since the majority of the photo-
electrons in this work will be at only about 100 eV, and
thus rather near the minimum in the electron mean free
path, it is important to verify that the first few surface
layers are also very well ordered. Both the grazing-
emission scans and the low-energy scans should probe
this region. The high-energy 0 1s and Mn 2p3/2 scans of
Fig. 7(a} at a grazing angle of 10' again show the four-
fold symmetry of the lattice (cf. similar behavior of the
data at 8=45' in Fig. 6). The forms of these two high-
energy curves also are substantially different, although
both share a rather high anisotropy of 40% that is not
much lower than that at the more bulk sensitive 45' angle
of Fig. 6. In Fig. 7(b), low-energy scans of Mn 3p and 3s
intensity at 8=45' also exhibit a four-fold symmetric
curve with anisotropies of 44%%uo that are almost as high as
those of the data in Fig. 6. Taken together with the other
surface analytical information presented above, there is
thus no doubt that our measurements were performed on
a clean, well-ordered surface of MnO(001).

B. Observation of spin-polarized photoelectron
di8'raction eSects

In now attempting to observe SPPD effects, we are
concerned not only with surface structural order but also
with magnetic order. The nature of the type-II magnetic
order in MnO will cause a reduced symmetry at the sur-
face due to the presence of ferromagnetically coupled
spins in alternating I111] planes. Two representative
planes from the set of eight possible with all sign permu-
tations of I 1 1 1 ) are shown in Fig. 8, where only the Mn
ions are shown for simplicity. A consideration of the
symmetry of the scattering of Mn photoelectrons in leav-

ing these eight distinct magnetic domains shows that they
can be reduced to only the two representative ones shown
in Fig. 8 for the measurements and theoretical simula-
tions in the /+0 or (010} plane to be discussed here.
(This reduction was verified in SPPD diffraction calcula-
tions in which all domains were considered explicitly. )

Due to the energy degeneracy of these domains and the
presence of a certain number of defects on the surface, we
would thus a priori expect to sample an approximately
equal mixture of these two representative domains. In
view of the presence of these domains, our SPPD rnea-

surements were first carried out along the surface normal

or [001] direction, since this direction implies in either
domain an antiferromagnetic (AF) array of Mn scatterers
with 0 atoms in between them. This geometry is illus-
trated in Fig. 8. By contrast, if we look along the [101]
direction (8=45, /=0 ), a clear difference in the mag-
netic scattering is seen between the two domains. In
domain I, the Mn spins are AF, and in domain II, they
are ferromagnetic (F). All of the results to be presented
here will consist of data obtained in the /=0' plane (see
the dashed curve in Fig. 8), and the two domain types
will finally be assumed to be equal in probability in our
later theoretical analysis.

We now consider the variation of the relative intensi-
ties of the spin-resolved Mn 3s multiplet peaks that are
indicated by S (spin-up) and S (spin-down} in Fig. 2 in
an attempt to observe spin-dependent diffraction effects.
Such 3s spectra were taken with Mo Mg excitation along
the [001] direction and over a temperature range from 70
to 750 K. Two spectra at 329 and 691 K that were part
of the raw data from one series are shown in Fig. 9(a}.
The only normalization done to these data is to require
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FIG. 8. The structural and magnetic order of the Mn'+ ions
in MnO(001) below T&. The dashed arcs show the (010) plane
in which the experimental results were obtained. Also indicated
are the two representative magnetic domains involved when

scanning the polar angle in this plane. The difference between
the two domains becomes obvious by noting that, for emission
along 8=45' or [101],domain I has spins aligned in an antifer-
romagnetic fashion, while for this same direction domain II has
spins aligned in a ferromagnetic fashion. Domain II is obtained
from a simple 90 rotation around [001]of Domain I. [Since the
magnetic moments lie in the [111]planes for MnO, the direc-
tion of the arrows in the 6gure should only be interpreted as il-

lustrating parallel or antiparallel spin arrangements. ]
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the two S peaks to have the same overall height. (Com-
paring absolute intensities in raw data from one tempera-
ture run to another was not possible due to variations in
both the Mo Mg x-ray fiux and the bremsstrahlung-
produced electron background with time. ) Note the ex-
cellent matching of the electron backgrounds for the two
normalized curves at the left and right ends of the spec-
tra. The only difference between the two curves is an
unambiguous decrease in the relative intensity of the S
peak as temperature is increased from 329 to 691 K. The
raw data were further analyzed by subtracting a linear
background and applying a three-point smoothing to the
spectrum. Figure 9(b) displays eight spectra from this
refined data over the temperature range from 238 to 750
K. These curves show a clear and systematic trend for
the S peak to decrease in relative intensity as tempera-
ture is increased. Closer inspection of these curves shows
that the rate of change of this relative intensity is most
rapid between =530 and =560 K.

In order to more quantitatively measure such changes
in spin-up to spin-down relative intensities, we follow the
same procedure as Sinkovic, Hermsmeier, and Fadley
and define a spin asymmetry that goes to zero for the

+55-
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~
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2T„BT„4T„
I I I

Mna(001) Mn5s
hl =192 6eV

5T„6T„

highest temperature of a given scan. An accurate mea-
surement of the intensities from the raw data of both the
S and S peaks is made using a least-squares fit of two

Gaussian functions riding on a linear background. From
these intensities the experimental 3s spin asymmetry is
calculated from the intensity ratio R = S (spin-up) to S
(spin-down) at difFerent temperature and the following
equation:

S,„~I(LT)= 100[(RLr
—R HT )lR Hr ] %, (1)

where RHT represents the S: S intensity ratio for the
highest-temperature data point in the series (assumed to
be in the fully disordered or paramagnetic limit), and
RLT represents the same ratio for any lower-temperature
data point below R „r. (This equation is completely
equivalent to the definition of S,„~I found in Ref. 3). The
spin asymmetries resulting from the series of Fig. 9(b) are
plotted as a function of temperature in Fig. 10. The data
shown here were scanned from high to low temperature,
with a full return to the starting temperature at the end
of the run, as shown by the open square. There is clearly
very good reproducibility of these values and no indica-
tion that the properties of the sample changed during the
series. There is a distinct step in S,„~, at about 540 K,
where it drops by approximately 10% over an interval of
only 40 K. This step thus occurs at a temperature con-
siderably above Tz, at approximately 4.5T~. These re-
sults are thus qualitatively similar to those from the pre-
vious SPPD study of KMnF3, which also show a step in

S,„&I of 10—15 % in magnitude at a temperature of
2.7TN. To verify the effect for the present case, we have
repeated the full scan six times, and also made several
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FICx. 9. The MoMg —excited spin-resolved 'S(l) and 'S
peaks of the Mn 3s multiplet are shown for normal emission. A
change in the 'S S intensity ratio as a function of temperature
can clearly be seen, even in the raw data of (a) from which no
background has been subtracted. In (b), curves from a larger
number of temperature steps that have been smoothed and
background-subtracted illustrate the systematics of the ratio
variation.
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FIG. 10. Mn 3s experimental spin asymmetries S,„~, with Mo

Mg excitation are plotted as a function of temperature for
I9=90. The temperature range covered is from =50 below TN

to =620' above it. Three features of the plot are apparent: the

sharp step at =530 K labeled TsR, the weak peak at TN, and

the relatively constant and gentle slope of the curve above and

below TSR.
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quick jumps between temperatures just above and just
below the step region (that is, between 490 and 630 K}.
The sample surface was also cleaned and reannealed be-
fore each series. The abrupt change in S,„,was fully
reproducible and its maximum slope point was always
within a 30' span in temperature centered at 540 K.
Moreover, the temperature scans were also made in both
directions, and no evidence of significant hysteresis in the
step was noticed.

We have also investigated the directional dependence
of this step in the spin asymmetry for Mn 3s by perform-
ing a similar variable-temperature study at a polar angle
15' off-normal in the (010) plane, indicated in Fig. 8 as
8=75' and /=0'. As with the previous 8=90' emission
direction, these data also produced a spin-asymmetry
curve with a steep slope at very nearly the same tempera-
ture previously seen in Fig. 10, and the two separate
curves are shown together in Fig. 11(b}. For 8=90', S,„„,
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FIG. 11. The temperature dependence of Mn 3s spin asym-
metries S,„„, is shown for the two different systems studied to
date and for several directions of emission. (a) Summary of the
first observations of SPPD made for KMnF3(001) by Sinkovic,
Hermsmeier, and Fadley {Ref. 3). Emission along two different
directions is shown, both of which gave a negative S,„,and pos-
itive steps at Ts&. (b) Analogous curves for MnO(001) for
which both positive and negative S,„pt values and steps are seen.
Note the different directions of the scales in (a) and {b), and the
30%%uo shift of the scales for the two curves in (b).

is positive at low temperatures and there is a step bS,„~,
of about —11% centered at 540 K; for 8=75, S,„, is
negative and a more gradual transition with maximum
slope at 520 K and a b,S,„, of about +15% is seen.
(From our definition, S,„,must be zero for the highest
temperature studied, and thus the general slope of the
curve and the sign of hS,„,must be opposite to the sign
of S,„,at low temperatures. ) Thus, the apparent transi-
tion temperature as judged from these two very reprodu-
cible curves is 530+20 K or approximtaely 4.5 TN.

As noted previously, our results up to this point are
qualitatively similar to those from a prior SPPD study of
Mn 3s emission from KMnF3, although there are also
some important differences. Two of the temperature
scans in the KMnF3 study for directions 9' apart are
shown in Fig. 11(a). The overall changes in S,„, for
MnO over the full temperature range studied are larger
at about 25 —30%, but the changes just around the tran-
sition region are comparable at 10—15%. Both curves
shown for KMnF3 exhibit a negative S,„„,and thus posi-
tive b,S,„, for the transition [note the opposite sense of
the scale in Fig. 11(a) compared to those in 11(b)], al-
though the step is increased in magnitude from 10% to
17% in rotating 9' away from the [001] direction. MnO
shows a similar sensitivity to direction, but differs from
KMnF3 in showing a dramatic change in the sign of the
spin asymmetry with only a small rotation (15'} away
from the [001] direction. Overall, the change in hS,„,
for MnO is from about —11% along [001] to about
+ 16% at 8=75', for a large net effect of 27% in the rela-
tive intensities of the spin-up and spin-down peaks. Oth-
er directions in the /=0' plane also were studied and
found to yield different bS,„~, values of =+8% for
8=82' and a very small =+3% for 8=45'. This sensi-
tivity to direction for both KMnF3 and MnO is exactly
what is expected for the case of spin-dependent scattering
and diffraction processes, although we consider several
other possible explanations for these effects below.

Beyond changing direction and temperature, we also
have searched for spin-dependent scattering effects in
another spectral region: that of the Mn 3p multiplet.
Here, 3p emission from Mn + leads to similar multiplet
splittings and analogous P and P final states that should
correspond to a high degree of spin-up and spin-down po-
larization, respectively. " ' The 3p spectral region is
shown in both Figs. 2 and 12(a). The origin of these split-
tings again lies in the exchange interaction, but for such
non-s emission, Coulomb interactions, as well as spin-
orbit, crystal-field, and correlation effects, also must be
taken into account in predicting such spectra. " These
more complex interactions may cause additional spin
mixing in the final states, thus leading to a lower degree
of spin polarization, but we nonetheless expect a
significant degree of polarization for the strongest P and
P peaks that should be of the same sense as that in the S

and Speaks. This is indicated in Fig. 12(a). Two recent
studies have helped to further establish the spin-resolved
nature of the 3p multiplet. The first work compared gas-
phase Mn 3p data from atomic Mn to that of solid
MnO, ' "and showed a high degree of similarity between
atom and solid that indicates a strongly intraatomic ori-
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FIG. 12. {a) Mn 3s-3p spectra with linear background sub-
tracted are compared for a temperature above TsR and one ap-
proximately at Ts&. As in Fig. 9, there is evidence of a change
in relative intensity of the Mn 3s multiplet between the two
curves. However, the same type of effect can also be seen in the
'P and P peaks of the Mn 3p multiplet. By contrast, the rela-
tive intensities of the P and 'S peaks remain constant for the
two temperatures, thus ruling out non-spin-dependent effects.
In {b), the Mn 3p spectra at several temperatures are translated
into experimental spin asymmetries S,„pt based upon the 'P P
ratio. S,„~t shows a dependence on temperature that is very
similar to that in Fig. 10.

gin of the 3p splittings in such ionic compounds. Thus,
crystal-field efFects and final-state extra-atomic screening
do not significantly perturb the basically intra-atomic
splittings observed. The second, a spin-resolved photo-
emission study with an external spin detector by Carbone
and Kisker, "'directly measured the spin polarization of
the Fe 3p spectrum from metallic Fe and found a nega-
tive (spin-down) polarization of about —20% on the
low-binding-energy side of the peak and a positive (spin-

up) polarization of +30% on the high-binding-energy
side. These results have recently been confirmed by Sin-
kovic with better statistics. ""' Although iron is a much
more complex metallic system for which the multiplets
are less well resolved, the directions of the polarizations
found and their rather high magnitudes are qualitatively

consistent with the spin polarizations expected in the
much more widely split Mn 3p multiplet shown in Fig.
12(a).

We have thus made similar temperature-dependent
measurements of the Mn 3p spectrum for normal emis-
sion from Mno (001). Figure 12(a) is analogous to Fig.
9(b) in comparing two spectra with a linear background
subtracted. These were obtained at temperatures of 661
and 530 K that are, respectively, above and approximate-
ly at the transition temperature seen for Mn 3s. These
spectra are normalized to have the same height for the P
peak. The widths of the spectra shown also span the Mn
3s doublet considered previously. It is here striking that
this normalization on P also effectively yields a normali-
zation on S, and that both the P and S peaks show a
similar decrease in relative intensity as temperature is in-
creased. Thus, the two spin-up peaks exhibit parallel
trends as measured against their spin-down partners in
the multiplets. We have thus made a full temperature
scan of the Mn 3p spectrum for normal emission and
determined the associated spin asymmetries from the
values of RLr and RHr obtained and Eq. (1). Due to the
more complex nature of the 3p manifold (at least four P
peaks are seen in higher resolution spectra from atomic
Mn, MnF2, and Mno [Ref. 16(a)]) the intensities of the
two peaks were obtained by simply taking peak heights
after the removal of a linear background. The P peak is
rather broad and was always measured at 17.0 eV to the
higher-binding-energy side of the P peak. This peak-
height method was checked against our Gaussian curve-
fitting routine for the 3s multiplet and found to be quite
reliable when comparing systematic differences for well-
behaved spectra such as these. The final Mn 3p spin-
asymmetry results are shown in Fig. 12(b), and they
show very similar effects to those of Mn 3s in Fig. 10:
positive values of S,„„ageneral negative slope in the
curve in going from low to high temperatures that could
in part be due to Debye-Wailer effects, and a negative
step in S,„,of about 10% which occurs with a maximum
slope at about 540 K that is in complete agreement with
the transition temperature seen for Mn 3s.

A further interesting point in the normal-emission
spin-asymmetry results for both 3s and 3p emission is
that they show a very similar change in slope or probably
a weak peak very close to the Neel temperature. Al-
though the error bars on S,„,are larger in this minimum
region of temperature due to the greater degree of charg-
ing present and lower stability of the cooling system, the
features near T~ in the two curves are nonetheless strik-
ingly similar. This is the first time that any effect has
been seen in SPPD near Tz, and this is of interest since
Tz is the long-range-order transition temperature and
thus not necessarily a point at which a predominantly
short-range probe like SPPD should detect anything.
The fact that this feature is seen in both multiplets in
spite of the much different energy spacings and intensity
ratios involved further confirms that this effect is due to
the disappearance of long-range antiferromagnetic order.
A simple change in atomic positions, for example,
through a slight contraction or expansion of the I111I
interplanar distances upon losing long-range antiferro-
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magnetic order, would not be expected to affect the spin
asymmetries of both multiplets in such a similar way.
Therefore the very similar features seen in both the 3s
and 3p data near T~ supports the idea that SPPD is also
somewhat sensitive to the loss of long-range magnetic or-
der as well. This longer-range sensitivity is not entirely
surprising, since a recent study by Saiki et al. of a
strained oxide overlayer on Ni(001) using non-spin-
resolved photoelectron diffraction shows that the fine
structure in azimuthal scans is sensitive to the degree of
strain and the placement of the atoms in spheres of neigh-
bors farther away from the emitter, even though the
gross features of the curves are primarily determined by
the first few spheres. Similar azimuthal scans from
c(2 X 2) oxygen adsorbed on Ni(001) also are found to re-
quire clusters of 20-25 A in radius in order to predict all
of the fine structure in the diffraction patterns. ' "
This longer-range aspect of SPPD indicated in the
present data thus certainly warrants further study and
verification.

These combined Mn 3s and Mn 3p results for MnO
thus provide very convincing support for an interpreta-
tion of the high-temperature steps in spin asymmetry as
being due to an abrupt reduction of short-range antiferro-
magnetic order. In Fig. 12(a},where the 3s and 3p multi-
plets appear in the same spectra, their combined energy
range spans approximately 50 eV and the energy splitting
between the P and the P peaks is approximately three
times larger than the splitting for the Sand S. The fact
that two such different doublets at significantly difFerent
kinetic energies behave in such a similar way with respect
to their quintet or septet ratios argues strongly for a
spin-dependent scattering phenomenon in which the type
of magnetic order changes suddenly at what has thus
been termed the short-range-order transition temperature
or TsR. Furthermore, if we note the energy separation
between the P and S peaks and the constancy of their
relative peak intensities above and below Ts„[see, e.g.,
Fig. 12(a)], it is extremely unlikely that any non-spin-
specific type of difFraction effect, such as differential
Debye-Wailer damping due to the energy difference be-
tween the two peaks, could cause the observed
temperature-dependent intensity changes in the S: S and
P: P ratios and yet leave the S: P intensity ratio

unaffected. Other possible spin-independent scattering
effects will be discussed further below. The apparent
ability of SPPD to detect longer-range magnetic order for
both 3s and 3p emission in turn adds further credence to
the idea that the steps at T&z are due to the greater sensi-
tivity of the technique to shorter-range order.

We now consider other possible causes of such an
abrupt step in spin asymmetry to be certain that it is as-
sociated with spin-dependent effects in scattering. From
our prior discussion of the clean1iness, stoichiometry, and
degree of near-surface order of the MnO(001) surface, the
origin of this step cannot be associated with impurities or
surface disorder. However, there remain the possibilities
of a bulk or surface structural phase transformation or
some sort of less likely discontinuity in the differential
Debye-Wailer attenuations of the two peaks upon passing
through the step. Figure 13 directly addresses these pos-
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FIG. 13. Three azimuthal scans of Mn 3p intensity obtained
with Mo Mg excitation at a polar angle of 45 which were run
sequentially at 330, 620, and 330 K. These temperatures were
chosen to be below and above the transition region at approxi-
mately 530 K seen in the Mn 3s spin asymmetries of Fig. 11(b).
The overall anisotropy is given for each curve.

sibilities by comparing MoM(-excited Mn3p —P az-
imuthal scans at 0=45' that were taken in a quick se-
quence at temperatures below, above, and below the step
in S,„~, (cf. Fig. 10). The Mn 3p photoelectrons here
have energies and thus inelastic attenuation lengths that
are very close to those of the 3s spectra involved in Fig.
10; using a 45' takeoff angle also reduces the efFective
penetration depth (which is given by A, sin8 if A, is the
electron inelastic attenuation length) for this scan to al-
most exactly what is expected for our Mn 3s data at nor-
mal emission. The very close similarity of the three
curves in Fig. 13 shows no evidence for any near-surface
structural change. The only observed effect is a small 3%%uo

decrease in the overall anisotropy with no change in the
features in the scan, effects which can easily be explained
by normal Debye-Wailer attenuation with no discontinui-
ty. We therefore conclude that the observed step in S, pf
cannot be due to either a surface structural change or a
discontinuous change in the Debye-Wailer efFects on the
two peaks involved.

In order to also investigate the possible influences of
charging and Hood-gun effects, several studies were con-
ducted with the flood gun off. Since the sample surface
becomes fully conductive approximately 80' before this
step region is reached (cf. Fig. 4), multiplet temperature-
dependent scans were obtained over this region without
the use of the Good gun and with no observed charging
effects. The spin-asymmetry results showed no observ-
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FIG. 14. (a) Raw data for the A1Ea —excited spin-resolved
'S and 'S peaks of the Mn 3s multiplet are shown for normal
emission as in Fig. 9. However, unlike Fig. 9, there is no evi-

dence of a relative change in intensity as a function of tempera-
ture. Spectra at several temperatures yield the experimental
spin asymmetries plotted in {b); these data confirm that S,„pt is
constant with temperature.

able difference from those using the flood gun. Moreover,
as the temperature was decreased through the onset of
the charging region (that is, below about 460 K) with the
fIood gun off; the spin asymmetries showed no step or
otherwise anomalous behavior, even though there were
progressive peak shifts to higher binding energies and in-
creases in peak widths. Thus, charging is certainly not
responsible for the step in spin asymmetry.

As a final aspect of our core-level data, we also consid-
er the potential measurement of such SPPD effects at the
much higher energies of 1000 eV that are typical of
normal XPS measurements. Prior theoretical estimates
of SPPD effects indicate that the effects of exchange
scattering on spin asymmetries should become negligibly
small ( ( l%%uo) at such high energies. To assess this pre-
diction, we have repeated the Mn 3s measurements dis-
cussed above using Al Ka radiation and a normal-
emission geometry. These measurements spanned a less
extensive temperature range, but still included TsR. Us-
ing Al Ku excitation gives a well-resolved 3s multiplet
with a good peak-to-background ratio, as seen in Fig. 2.
A closeup of this multiplet is shown in Fig. 14(a), where
the raw data for two temperatures of 728 and 514 K (i.e.,
above and just below TsR) are compared. The fact that
no discernible change is found in the I( S)lI( S) intensi-
ty ratio between these two temperatures is in strong con-
trast to the analogous results with Mo Mg excitation in
Fig. 12(a). Converting this Al Ea data into spin asym-
metries in exactly the same way as for the Mo Mg data

above yields the results plotted in Fig. 14(b). Within the
scatter of the data of about +1.5%, the spin asymmetry
is constant over the full temperature range scanned.
These results thus further support the interpretation of
the steps in S,„,at lower kinetic energies as being due to
a short-range magnetic order transition. They also make
it clear that, in order to have observable effects, SPPD ex-
periments will require the use of lower-energy excitation
sources such that the electrons leave the specimen with
only about 50-200 eV of kinetic energy.

Based upon this core-level data for Mn 3s and 3p emis-
sion with both Mo Mg and Al Ea excitation, we are thus
led to the same conclusion as Sinkovic, Herrnsmeier, and
Fadley in their prior study of KMnF3. that the step in
spin asymmetry is caused by a rather sharp decrease in
the degree of short-range spin order as temperature is in-
creased. This model ' thus assumes that the sudden
drop in S,„,is due to an abrupt, spin-dependent, change
in the scattering potential of the crystal. This change in
turn arises when the magnetic moments of near-neighbor
Mn + ions around a given emitter realign from what is
probably antiferrornagnetic order below TsR to a state in
which each site approaches the "paramagnetic" limit of
having an equal probability of being spin up or spin
down, regardless of its position with respect to the
emitter. (This is equivalent to the near-neighbor spin-
spin correlation functions going to zero above TsR.) It is
not surprising that some SRMO persists in MnO at high
temperature, since neutron-scattering measurements al-
ready indicate its presence above Tz, and simple mean-
field theoretical models also predict its presence. What
is surprising is that our results indicate that this SRMO
disappears very suddenly at TsR, an effect which is not
predicted by any current model of the short-range spin-
spin correlation function of which we are aware.
Mean-field approaches in general predict a monotonic de-
cay of the pair-correlation functions, with no abrupt tran-
sitions, and this has been verified in model calculations
based upon the Ising model for KMnF3 by Moran-Lopez
and Sanchez. Adding in the effects of more neighbors
and accounting properly for the frustration that is in-
herent in antiferromagnetic order for these systems has
been found by Noguera and Nigel to produce very small
steps in the correlation functions at high temperature,
but these are not of suScient magnitude, nor at the prop-
er temperature, to directly explain our data. It remains
to be seen whether more exact approaches using more
complex interaction Hamiltonians and/or large-cluster
Monte Carlo simulations will yield such a high-
temperature transition. We stress that SPPD measure-
ments emphasize near-neighbor interactions over the first
four to five spheres of neighbors, and that they sense the
local spin environment on a very-short-time scale of
= 10 ' —10 ' sec. Thus, the technique provides a
short-range "snapshot" of spin configurations as aver-
aged over all emitters at a given temperature.

As a consequence of the short-range sensitivity of pho-
toelectron diffraction in general and SPPD in particular,
the long-range magnetic order transition at T~ should
have only a small effec on such measurements. This is
consistent with the rather weak peaks observed near T~



42 SPIN-POLARIZED PHOTOELECTRON DIFFRACTION AND. . . 11 907

in Figs. 11(b) and 12(b). Unfortunately, studying these
peaks more quantitatively was not possible due to the ex-
treme sample charging problems encountered at these
low temperatures. Finally, the more gentle slopes of S pt
above and below TsR also may be dependent on changes
in magnetic order, since the spin-spin correlation func-
tion is expected to show a monotonic reduction in magni-
tude with increase in temperature. As noted previ-
ously, differential Debye-Wailer effects for the two peaks
involved, which are also expected to have a simple mono-
tonic form, ' also may contribute to these slopes, mak-
ing it difficult to distinguish between Debye-Wailer and
true spin-asymmetry effects in these temperature ranges.

C. Temperature effects on valence-band spectra

As a final aspect of our data, it is also of interest to
consider the behavior of the spin-up Mn 3d valence elec-
trons which give rise to the magnetism in the sample and
the core multiplets themselves. In fact, the constancy of
the multiplet peak separations and general relative inten-
sities (with the exception of small SPPD effects) in all of
our data indicate that these valence electrons are coupled
to the same S=

—,
' localized moment over the full range of

temperature studied, at least as viewed in the core-hole
final state of photoemission. We now ask whether there
is any temperature dependence in the valence spectra.

As the first part of this data, temperature scans of
Mo Mg —excited valence-band (VB) spectra over Ts„
showed that, to within the rather low-energy resolution
of these measurements [approximately 2.2-eV full width
at half maximuin (FWHM)], there was no change in the
width or shape of the primary 31 peak upon passing
through Ts„. These results are presented in Fig. 15(a),
and they are compared to reference core-level 3p( P)
spectra at the same two temperatures in Fig. 15(b).

The second part of these results was motivated by a re-
cent theoretical study of transition-metal monoxides and
dihalides, including MnO, by Ojala and Terakura, in
which they predict a change in the density of states be-
tween the antiferromagnetic and the paramagnetic states;
we have thus also monitored the valence-band spectrum
of MnO(001) in crossing Tz. As shown in Fig. 15(c),
there are no dramatic changes in the general shape of the
d-band doublet (cf. similar doublet in Fig. 2), but there is
a large 0.4-eV shift in the low-binding-energy edge so as
to broaden the overall width for temperatures below T&.
Figure 15(d) confirms that this cannot be attributed to a
charging effect or spurious resolution change since the
core-level 3p ( P ) peaks taken immediately before the
respective VB curves in time show no measurable change
in resolution. (The slightly higher background for the
low-temperature 3p scan is largely due to the SPPD effect
for the other P peaks associated with the 3p manifold. )

This broadening of the valence bands below T~ is not
the direction of effect predicted by theory, " but it does
suggest a sensitivity of VB spectra to magnetic order that
has not to our knowledge been observed before. The fact
that the valence-band width shows more sensitivity to
temperature over the long-range-order transition than
over the short-range-order transition is also not surpris-

ing in view of the more extended nature of the valence
states. These effects thus deserve more careful, higher
resolution study with a range of excitation energies.

D. SPPD: Comparison of experiment and theory

As a tractable first step toward a theory of SPPD
effects, we consider the single-scattering cluster (SSC)
model with spherical-wave (SW) scattering, as discussed
in detail elsewhere for both the usual form of photoelec-
tron diffraction' and spin-polarized photoelectron
diffraction. The generalization of the SSC-SW formal-
ism to include spin effects consists first of simply keeping
track of the spin of the photoelectron with respect to the
unpaired 3d electrons of each magnetic scatterer. Then,
if the photoelectron spin is parallel to that of a magneti-
cally ordered scatterer (1 1' or $$, with the first spin
orientation being that of the photoelectron and the
second the scatterer spin), an exchange interaction with
these unpaired d electrons is included in calculating the
overall scattering potential and the scattering phase
shifts. If the photoelectron spin is antiparallel to the un-
paired spins of a scatterer ( 1 l or $ 1, in the same nota-
tion), this exchange interaction is omitted. This spin-
dependent scattering is modeled using a specially
modified muffin-tin (MT) potential program that finally
produces phase shifts 5, at the internal kinetic energy of
the photoelectron of interest (i.e., at an energy equal to its
external kinetic energy plus the inner potential). For
treating the high-temperature paramagnetic limit, it can
be shown [2(c)] that averaging over the spin
configurations of the inagnetic scatterers is accurately ac-
counted for by using these scatterers the average of the
appropriate spin-parallel and spin-antiparallel phase
shifts as defined above (that is, either [5,( t 1)+fi,(1 l )]/2
or [fi,(l&)+fi,(if)]/2). These two average quantities
are close to one another, but are not exactly equal be-
cause of the slight energy difference between the spin-up
and spin-down photoelectrons in the multiplet. As noted
before, we will make use of two different approaches
based upon density-functional theory for treating the ex-
change interaction: the Dirac-Hara (DH) and Kohn-
Sham (KS) approximations (cf. Fig. 6). The DH form is
expected to be somewhat more appropriate to the scatter-
ing of high-energy free electrons. ' We will not attempt
to describe in detail the statistical mechanics of the tran-
sition at TsR, but simply treat the two extremes by as-
suming that SPPD can be described by either a fully or-
dered antiferromagnetic lattice for T&TsR or a fully
disordered paramagnetic lattice for T) T&R. We justify a
fully ordered system even in the SRMO regime by again
pointing out that SPPD is primarily sensitive to the first
four to five near-neighbor spheres. Calculating the S: S
intensity ratio for temperatures just above and just below
TsR then yields the ratios appropriate for determining
the change in the Mn 3s spin asymmetry associated with
the transition from Eq. (1). This type of theoretical treat-
ment is discussed in detail elsewhere by Sinkovic
et gl. "'"' This model may require corrections due tp
multiple scattering to make it fully quantitative for pre-
dicting SPPD effects, especia1ly in view of the low kinetic
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25 V which is in reasonable agreement with theoretical
calculations, ~ (2) an electron attenuation length A, of 5.0
0
A for both spin-up and spin-down electrons with an aver-
age internal kinetic energy of 128 eV, (3) an angular
broadening in the analyzer of k3', and (4) a temperature-
dependent three-dimensional mean-squared displacement
( U ) for including Debye-Wailer effects of 0.003 22 A 2

at ambient temperature that corresponds to an average
Debye temperature for Mn + and 0 vibrations of

5OO K 44, 48

As a first test of our theoretical model for predicting
such low-energy experimental results, we compare experi-
ment and theory for azimuthal scans of the total Mn 3s
multiplet intensity, i.e., the sum of both the S and S
peaks. In Fig. 16, the experimental curve from the bot-
tom of Fig. 7 is compared to two theoretical curves, one
using KS exchange and the other using DH exchange.
Due to the relatively weak 3s signal and resultant high
noise level, the main structures to be considered are the
two peaks at /=0' and 90' and the broad dip between
them centered at /=45. Both the KS and DH curves
reproduce the broad dip, and they agree with experiment
in showing the highest intensity features near 0' and 90'.
The only discrepancy is the sharp dip at /=0' and 90'
which occurs for emission along high-density [101]atom-
ic rows of Mn and 0 iona (cf. Fig. 8); this disagreement is
less pronounced for the KS curve. This discrepancy is
thus in a direction in which there are numerous scatter-
ers, including the nearest neighbors to a given Mn
emitter, and it may suggest the need for a multiple-
scattering (MS) approach at such low kinetic energy. z'~'

Nonetheless, the general shape of the experimental curve

is reproduced reasonably well by theory and we expect it
to give Us some useful insight into the qualitative sys-
tematics of SPPD even if it is not fully quantitative at
such low energies.

In order to explore the sensitivity of our spin-polarized
calculations to the nonstructural parameters discussed
previously, we show in Figs. 17 and 18 a series of theoret-
ical spin asymmetries as a function of polar angle for
scans in the /=0 plane of our experiments shown in Fig.
8. For simplicity, we consider for now only emission
from MnO with AF order of the type in domain I. Each
curve shown retains the parameters given in Fig. 17(a) ex-
cept for the change indicated immediately above the
curve. Note that the DH curves generally give much
smaller amplitudes and are usually multiplied by 3 to per-
mit easier comparison to the KS curves. The general
similarity of all of the curves in Fig. 17 indicates that
these results are rather insensitive to the precise choices
of the parameters involved. Specifically, increasing Vo
from 15 to 25 eV primarily shifts features to lower polar
angles due to refraction effects. Omitting angular
broadening shows more fine structure as expected, but
leaves the gross form of all features unchanged. Raising
or lowering the electron mean free path by a very

EFFECTS OF PARAMETERS

(a) V, =)SV At=A, =S.OA
~ $0 (u ) =O.OE

Mn (001)- Mn 5s
8= 45; he=)92.6eV

Expt

K
z'.
QJ

= 44'/
& max

r

r /

(c) No An . Broad.
LIJ

CLf-
UJ

d
0-
CA

(e) Af = A)=6.5A
(/)

lf)Af-45 A

I i I & I t I t I

50' 40' 50' 60 70' 80' 90'
POLAR ANGLE 8

0
I t I t I t i t

20 40 60 80
AZIMUTHAL ANGLE 4

FIG. 16. Comparison of experiment to theory for a
MoMg —excited Mn 3s azimuthal scan. There are two single-
scattering spherical-wave cluster theory curves differing only by
the exchange potential used. These are designated by DH for
Dirac-Hara and KS for Kohn-Sham.

FIG. 17. Study of the sensitivity of theoretical polar scans of
spin asymmetry for the spin order of domain I in Fig. 8 to the
choice of several nonstructural input parameters, as indicated
on the cur~es. %'ith (a) as a reference, all parameters were kept
constant except for those indicated above curves (b) —(f). The
inner potential, degree of angular broadening, and electron
mean free paths are varied. The Dirac-Hara curves are multi-

plied by a factor of 3 for ease of comparison.
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significant +30%%uo also causes very little change in the
predicted spin asymmetries. And finally, letting the
spin-up and spin-down electrons have different mean free
paths that are +10% with respect to the initial 5.0 A (an
extreme change corn.pared to prior estimates of this
difference ) also is found to make almost negligible
changes in the curves; thus, differential spin-dependent
inelastic scattering does not appear to be a significant
cause of the SPPD effects of the order of 10% that are
seen experimentally. In Fig. 18, we consider the effect of
temperature through Debye-Wailer effects. These results
by contrast show greater sensitivity to the nature of the
modeling used. The curves in (a) represent a rigid-lattice
model where no vibrations are allowed. Both the KS and
DH (again usually multiplied by 3) results exhibit the
same general features, especially for the higher polar an-
gles of interest to us experimentally. In (b), for which the
( U2) values of low and high temperatures are both set
equal to the ambient temperature value, there are practi-
cally no observable differences relative to (a). In (c),
where the vibrational contributions to the paramagnetic
calculation at HT is now taken to be 560 K, i.e., just
above TsR, and the vibrational contributions to the anti-
ferromagnetic state at LT is taken to be 490 K and just

EFFECTS OF VIBRATION
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FIG. 18. As Fig. 17, with a different reference in (a). Here,
the dependence of the theoretical spin asymmetries on Debye-
%aller effects is considered by varying the one-dimensional
mean-squared displacements ( U ): (a) a rigid lattice where no
vibrations are allowed; {b) vibrations corresponding to a temper-
ature of 300 K; (c) vibrations corresponding to temperatures
just above (560 K) and just below (490 K) TsR, and (d) vibra-
tions corresponding to temperatures well above (780 K) and
well below {77 K) TzR. Only in the last case are significant
differences seen with respect to (a).

below TsR, a very small change begins to appear. This
method of calculation in fact represents the most realistic
approach to predicting the step in anisotropy as mea-
sured just across TsR, and it suggests that the correct in-
clusion of vibrational effects is not crucial. For the ex-
treme case shown in (d), however, this is not the case.
Here, HT equal to 780 K and LT equal to 77 K are
chosen to represent the extreme temperatures encoun-
tered in our experiment, and they show the unexpected
result that the DH curve is increased in amplitude rela-
tive to the KS curve by a factor of approximately 3, thus
not needing for this case to be multiplied by 3 to better
match the KS results. The form of the DH curve also
changes somewhat during this amplification. The KS
curve also shows a net increase in spin asymmetry for this
case, but still exhibits the same general form as before.
We therefore conclude that such Debye-Wailer effects
may affect the predicted spin asymmetries over extreme
temperature ranges, but not over the 20' —40' span cen-
tered at TsR over which the step in S, pt occurs.

We now compare these experimental results for the
step in S,zpt at TsR to theoretical predictions based upon
the set of nonstructural parameters introduced above.
The two temperatures used to determine the low-
temperature and high-temperature mean-squared vibra-
tional displacements were 490 and 560 K and thus were
identical to those used in determining the experimental
step value. Figure 19 shows three sets of theoretical
curves, one for antiferromagnetic orientation of the type
in domain I, one for that in domain II (cf. Fig. 8), and one
for the equally weighted sum of the two; all three sets
have the same experimental points superimposed for
comparative purposes. Theory and experiment are on
the same scale, and are plotted with the sign of the
overall spin asymmetry; thus the actual sign of the step in
S or AS in going from low to high temperature is the op-
posite of the values shown in the figure, as indicated on
the ordinate label. The results with Dirac-Hara exchange
from each set are again multiplied by 3 to better permit
comparing features. Figure 19(a) for domain I shows
very good agreement between theory and experiment for
the KS curve, with prediction of the observed positive
value at 0=90 and the rapid change to negative values
for the other three 8 values studied. There is even
reasonable agreement for the magnitudes of the steps for
all four points. The DH curve shows similar trends, but
there is an underestimation of the observed SPPD magni-
tudes by a factor of 3 or more. (In general, the KS and
DH curves are very similar in shape for all three sets of
curves in this figure. ) The agreement in Fig. 19(a) may be
fortuitous, however, in view of the fact that we have no
reason to expect our surface to be predominantly of
domain I in magnetic order. In fact, the presence of sur-
face defects such as the blemishes discussed in the experi-
mental section might be expected to give rise to a roughly
equal representation of eight distinct domains originating
from the ferromagnetic (111)planes. As discussed previ-
ously, from the point of view of their effect on internally
referenced spin-up to spin-down ratios in SPPD, domain
I in Fig. 8 can be taken to represent four of these (111)
domains and domain II to represent the other four. The



42 SPIN-POLARIZED PHOTOELECTRON DIFFRACTION AND. . . 11 911

SPPD: EXPT. vs THEORY
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FIG. 19. Theoretical spin asymmetry steps on crossing TsR
are compared to the four corresponding experimental points
from this study. Three pairs of theoretical curves are shown

corresponding to (a) domain I, (b) domain II, and (c) the sum of
domain I and domain II. All other nonstructural parameters
were kept constant. Both the theory and the experimental are
on the same vertical scale, although the Dirac-Hara curve is

multiplied by 3 to facilitate comparing it to the Kohn-Sham
curve in each case.

comparison of experiment and theory for domain II in
Fig. 19(b) shows much poorer agreement and suggests
that, based upon this first level of the theory of SPPD,
domains of type II are minority constituents of our sur-
face. Figure 19(c) shows the results of adding the two
domains with equal weight, yielding what we would a
priori estimate the surface to be. Although the fit with
experiment is not as good as Fig. 19(a), it should be a
more realistic comparison. Taking Fig. 19(c) then as the
best representation of our theoretical predictions thus
leads to the conclusion that some but not all of the exper-
imental magnitudes and trends are predicted by the KS
curve (and by the DH curve with a multiplication by 3).
However, the important change of sign in the step of
S,», in going from 8=90' to 8=75' is not predicted by
the summed KS curve; for this case, as noted above, the
domain I results are in much better agreement with ex-
periment.

Clearly, more experimental data is needed to establish
the detailed form of such curves in temperature-
dependent SPPD 0 scans, and the theory needs to be ex-
tended to include, for example, multiple-scattering (MS)
effects that might be expected to come into play at such
low energies. Moreover, preliminary results by Friedman
et al. ' ' indicate that MS paths linking two Mn iona via
a nearest-neighbor 0 ion may have a significant effect on

the predicted spin asymmetries. But it is, in any case, en-

couraging that the simple single-scattering theory we
have used here is able to predict certain aspects of the ex-
perimental results, including approximately the correct
magnitudes for the observed effects if the KS exchange is
used. This degree of agreement provides a further point
of support for the attribution of these steps to changes in
the spin-dependent exchange-scattering environment
around each Mn + emitter due to an abrupt change in
the degree of short-range magnetic order. The fact that
the DH exchange approximation so consistently underes-
timates the changes in spin asymmetry also raises the
question of whether it similarly underestimates the
strength of exchange scattering at such energies; other
evidence for this type of inadequacy in DH exchange also
exists.

Finally, we consider whether the short-range-order
transition observed here is limited to the surface layer of
the material, which may have different ordering tempera-
tures from the bulk, or represents a more bulklike proper-
ty extending several layers inward from the surface. Our
low-energy SPPD measurements are very surface sensi-
tive and it is therefore not possible with complete certain-
ty to rule out a surface-specific effect on SRMO. But
there are a few aspects of our data that suggest an effect
which penetrates inward by the order of the electron
mean free path or at least a few monolayers. If the high-
temperature transition were unique to the surface layer, it
would nonetheless be expected that a few layers would be
necessary for the electronic structure, and thus the tem-
perature of this transition, to converge to bulk behav-
ior. If this were true, then additional steps or at least
significant broadening would be expected in our tempera-
ture scans over the range between T~ and TsR. The rela-

tively sharp and single steps observed suggest that the
first few layers are acting in concert to produce the ob-
served changes in spin asymmetries. In addition, the
theoretical modeling that we have just discussed has as-
sumed that all layers contribute to the observed effects,
and, even with the stronger KS exchange, is only just able
to predict approximately the correct magnitudes of the
steps. If the model were changed to involve only a single
layer, the predicted effects would be significantly smaller
than experiment.

IV. CONCLUSIONS

In conclusion, we have used core multiplet spectra as
internally referenced sources of highly spin-polarized
electrons. By the simple expedient of energy resolving
these multiplets and without the need for an external spin
detector, it has been possible to examine in detail a new

type of high-temperature short-range magnetic order
transition which for MnO occurs at a temperature TsR of
530+20 K. The various angle and temperature scans of
core spectra obtained in this study permit the more con-
clusive elimination of other possible nonmagnetic causes
for the rather sharp changes in the spin-up to spin-down
ratio (or equivalently in the spin asymmetry S,„,) than
has been possible in prior experimental studies ' of
such spin-polarized photoelectron diffraction (SPPD)
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effects. In summary, these results show the following.
(i} A high degree of cleanliness, good stoichiometry,

and high degree of crystalline order of the MnO(001} sur-
face studied.

(ii) For emission at kinetic energies of approximately
100 eV, distinct steps of up to 10% in magnitude in S,„,
at a temperature of TsR=4. 5T& for both Mn 3s and Mn
3p emission, and a high sensitivity of the step magnitude
and sign to the direction of emission.

(iii) Qualitative agreement of these results with the pri-
or study by Sinkovic, Hermsmeier, and Fadley of Mn 3s
spin asymmetries in KMnF3, where steps of similar mag-
nitude are seen at TsR =2.7T~, and a similar sensitivity
to the direction of emission was noted.

(iv) For emission at higher energies of approximately
1400 eV for which the spin-dependent aspects of electron
scattering are expected to be much reduced, there is no
evidence for a change in S, pt.

(v) A lack of any evidence for a surface structural
phase transition occurring as TsR is crossed.

(vi) The first observation of smaller eff'ects on core spin
asymmetries in crossing Tz, which is seen for both Mn 3s
and Mn 3p.

(vii) The observation of a large (0.4 eV) narrowing of
the 3d valence bands in going above T~, with no effect
being seen in going through TsR.

(viii) A qualitative agreement between experiment and
a single-scattering theory of such core-level SPPD effects
as to the magnitudes and in some cases also the signs of
the steps observed, particularly for domain I antiferro-
magnetic ordering.

The above observations thus provide strong evidence
for a short-range magnetic phase transition at TsR that
has not previously been observed. Although we cannot
say for certain from this rather surface-sensitive data
whether this transition is a phenomenon unique to the
surface or extends further into the bulk, our results indi-
cate that it extends at least a few layers in from the sur-

face.
Although there is as yet no quantitative theory of such

a high-temperature short-range magnetic transition, we
suggest that it qualitatively represents the final breakup
of small domains of antiferromagnetic order that may ex-
tend over only the first few spheres of magnetic neighbors
around a given Mn + emitter. Below Tsz, these domains
may have fluctuation times longer than the very-short-
time scale of 10 ' —10 ' sec that is involved in the pho-
toemission process. It is also intriguing that, for both
materials studied to date, the TsR value is quite close to
the relevant Curie-Weiss constant 8: TsR/6=0. 99 for
KMnF3 and TsR/6=0. 92 for MnO. Since 8 in mean-
field theory can be shown to represent a sum over near-
neighbor interaction energies, it may be reasonable that
these small domains are finally destroyed at a comparable
temperature. However, there is as yet no quantitative
theoretical connection of e with TsR.

It is thus clear that further experimental and theoreti-
cal work is necessary to better establish the systematics of
such SPPD effects and to fully understand their origin.
However, even in the absence of such a detailed under-
standing, the results obtained to date indicate that SPPD
provides a rather unique measure of the temperature at
which short-range magnetic order with very-short-time
scales is ultimately lost. There is also evidence that
SPPD is sensitive to the breakdown of long-range order.
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