
ex, France

PHYSICAL REVIEW B, VOLUME 64, 224407
Magnetic properties of Fe2O3„0001… thin layers studied by soft x-ray linear dichroism
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X-ray magnetic linear dichroism~XMLD ! at the FeL2 absorption edge has been used for investigating the
magnetic properties of thin epitaxiala-Fe2O3 layers~20 and 80 Å thick!. When cooling below 263 K, bulk
hematite undergoes a 90° rotation of the antiferromagnetic axes from perpendicular to parallel to thec axis
~Morin transition!. TheL2-XMLD results indicate that the 80-Å-thick layer does not undergo such a transition
at least down to 125 K. This absence is attributed to important magnetoelastic interactions due to the 0.3%
expansion of the lattice parameter in thec plane. In the case of a 20-Å-thick layer, we do not detect any
L2-XMLD signal, regardless of the temperature. The absence of antiferromagnetic ordering might be caused
by the combined effect of several factors: finite size effects, changes in the local crystal field of the Fe31 ion,
and magnetoelastic interactions, coming from the 0.8% expansion of the lattice parameter in thec-plane.

DOI: 10.1103/PhysRevB.64.224407 PACS number~s!: 75.50.Ee, 75.70.Ak, 78.70.Dm
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I. INTRODUCTION

Antiferromagnetic~AF! layers of nanometric dimension
play an important role in the development of magnetoel
tronic devices. For instance, they are used for pinning
ferromagnetic~F! layers by exchange biasing in spin-valv
devices.1,2 Despite their importance in the information
storage technologies, the microscopic mechanism of
magnetic coupling between AF-F adjacent layers is not wel
understood.3,4 A preliminary step for making progress in th
direction is to probe each magnetic layer in detail.

Nanometric AF layers pose some peculiar technical pr
lems. Their zero net magnetic moment, along with the
tremely reduced amount of material, make many traditio
tools in magnetometry ineffective to their investigatio
X-ray magnetic linear dichroism~XMLD !, which consists in
the difference in absorption cross section for light linea
polarized perpendicular or parallel to the local magnetic m
ment M , is proportional to^M2&, so it is sensitive to any
collinear magnetic ordering, whether it beF or AF. In addi-
tion, being based on a core-level resonant process, XML
an element-specific probe of magnetization. Very recen
photo-electron emission microscopy~PEEM! combined with
XMLD spectroscopy has been successfully used to image
AF domains of NiO~100! ~Ref. 5! and LaFeO3 ~Ref. 6! thin
films. Also, using both XMLD and XMCD~x-ray magnetic
circular dichroism! contrast, PEEM experiments have r
vealed the magnetic coupling in a Co/LaFeO3 bilayer.7

AF oxides exhibit higher ordering temperature and be
thermal stability than AF metals, and their use for exchan
bias applications has proven successful. Controlled gro
methods for engineering oxide layers at the atomic scale
currently under intense development.8

Within this framework, we focused our interest on t
magnetic properties of hematite (a-Fe2O3) thin films, an AF
oxide that has already been used in magnetic tun
junctions.9 Even if the magnetic properties of bulka-Fe2O3
0163-1829/2001/64~22!/224407~7!/$20.00 64 2244
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samples have been extensively studied in the past,10,11 the
magnetic behavior of ultrathin layers can be rather differ
from that established for the bulk form. It has been recen
shown that the Ne´el temperature (TN) of other AF oxides as
NiO,12,13 CoO,13 and LaFeO3 ~Ref. 6! strongly depends on
the layer thickness and on the lattice parameter strain ca
by epitaxial growth.

a-Fe2O3 crystallizes in the rhombohedral crystal stru
ture. This structure can be indexed either as rhombohe
~a555°178 and a55.420 Å! or hexagonal~a055.034 Å
and c0513.749 Å!. In the bulk form, hematite exhibits a
high Néel temperature (TN

Bulk5953 K) and then it is AF or-
dered at room temperature~RT!. The iron moments areF
ordered in the hexagonal basal planes, the moments poin
towards the nearest iron neighbors. TheF-ordered~0001!
planes form a1, 2, 2, 1 sequence along the trigonal axi
resulting in a net AF order.14 In absence of an external mag
netic field,a-Fe2O3 exhibits three AF domains, obtained b
a 6120° rotation of a single domain around the trigon
axis.15,16 An anisotropic spin-spin interaction cants the tw
sublattices of opposite magnetization towards each other
hence leads to a weak spontaneous magnetization in
basal plane.17,18

As a function of temperature, hematite undergoes a m
netic reorientation transition resulting in a 90° rotation of t
AF axis from parallel to perpendicular to the basal plan
called Morin transition~MT!.19 In bulk samples, it occurs
when cooling down toTM

Bulk'263 K. Below TM , the mo-
ments are perfectly aligned along the threefoldc axis and the
weak ferromagnetic component disappears.

The reorientational MT has been used by Kuiperet al. to
demonstrate the pure magnetic origin of the large XML
signal measured at the FeL2,3 edges in aa-Fe2O3 single
crystal.20 Taking their work as a starting point, we us
XMLD for studying the magnetic properties o
a-Fe2O3~0001! in the thin layer form.
©2001 The American Physical Society07-1
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II. EXPERIMENTAL METHODS

Our analysis relies on the comparison between the XM
results for aa-Fe2O3~0001! single crystal and two layers 2
and 80 Å thick. All samples exhibit high crystalline ord
and surfaces oriented parallel to the basal plane.

The single crystal was a high quality~0001!-oriented
platelet, grown by the flux method at the Clarendon Labo
tory ~Oxford!. Its size was about 53531 mm3. The 20- and
80-Å-thick layers were grown epitaxially on a
a-Al2O3~0001! single crystal by atomic-oxygen-assisted m
lecular beam epitaxy~O-MBE!. a-Al2O3 exhibits the same
rhombohedral corundum crystal structure thana-Fe2O3.
O-MBE permits to control the structure and stoichiometry
the oxide layer at the atomic scale. Our experimental ul
high vacuum setup is equipped with an iron Knudsen c
and an oxygen plasma source~OPS!, both having their effu-
sion beam axes converging on the sample. The OPS an
deposition procedure are extensively described in prev
references.21–23During the growth, the substrate was kept
RT. The film thickness was calibrated by means of the os
lations of the RHEED~reflexion high-energy electron dif
fraction! specularly reflected intensity. The thin layers a
the single crystal were postannealed at 1000 K under c
trolled O2 atmosphere (PO251026 mbar). After this treat-
ment, they exhibit high-quality LEED~low energy electron
diffraction! and RHEED patterns corresponding
a-Fe2O3~0001!.21,22 In situ X-ray photoemission spectros
copy analysis confirms that solely Fe31 ions are present in
the samples. Fromin situ RHEED ~Refs. 22 and 23! andex
situ grazing incidence x-ray diffraction~GIXRD!, 21,22 we
found an expansion of the lattice parameter in thec plane of
Da0 /a050.3% and 0.8%, respectively, for the 80- and 2
Å-thick layers. RHEED and GIXRD cannot give direct in
formation about interatomic distances along thec axis.

The FeL2,3 spectra were recorded on the SA22 beaml
of the storage ring SuperACO at LURE~Orsay, France!. Be-
fore the XMLD experiment, the samples were annealed
1000 K in 1026 Torr of O2 for restoring surface stoichiom
etry and crystallinity. After annealing, all the samples exh
ited LEED patterns characteristic of aa-Fe2O3~0001! sur-
face over a wide energy range~80–250 eV!.

SA22 is a bending magnet beamline equipped with
plane grating monochromator, covering the 400–800 eV
ergy range with a maximum resolving power ofE/DE
53500. The FeL2,3 x-ray absorption spectra were measur
in the total electron yield~TEY! mode using a channeltro
placed in front of the irradiated sample. Linearly polariz
light was obtained by selecting a narrow vertical accep
angle symmetrical with respect to the orbit plane of the p
itrons in the ring. The sample was placed vertically in fro
of the photon beam, and the manipulator permitted its ro
tion around the vertical axis. The sample was cooled by
uid N2 circulating in a copper reservoir in contact with th
back of the sample holder. A thermocouple welded on
sample holder measured the temperature. The lowest-rea
temperature that will be indicated as LN in the followin
was actually of about 125 K at the sample position.

Figure 1 illustrates the experimental geometries used
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this work. « denotes the electric-field vector of the photo
beam of energyhn,ĉ the surface normal~which coincides
with the trigonal axis!, and u the angle between« and ĉ.
Thick arrows (Ā) indicate the AF axes. We have recorde
the FeL2,3 spectra at two photon beam incidences:

~a! Normal incidence~NI!. The photon beam is perpen
dicular to the surface.« lies in the basal plane and henceu

590° ~top panels of Fig. 1!. At T,TM , «'Ā. At T.TM ,
the trigonal domains rotated by6120° lying down on the
basal plane are schematised by threeĀ vectors.

~b! Grazing incidence~GI!. Ideally «i ĉ, giving the best
sensitivity to the spin reorientation transition in the case
~0001! surface orientations: Whenu50°, the relative orien-
tation between« and Ā passes from parallel atT,TM to
perpendicular atT.TM , independently of the existence o
trigonal domains. The lower GI angle we could safely use
our experiments wasu525° ~bottom panels of Fig. 1!.

Figure 2 shows the TEY FeL2,3 spectra of the
a-Fe2O3~0001! single crystal at GI for temperatures abo
and belowTM

Bulk5263 K ~RT and LN, respectively!. For ob-
taining the dichroic signal, the row spectra have been a
lyzed as follows. In a first step, a linear baseline has b
subtracted from both spectra. After that, they have b
scaled to the background intensity at an energy intermed

FIG. 1. Schematic representation of the experimental geome
used in this work.« denotes the electric-field vector of the photo
beam of energyhv, ĉ the surface normal~which coincides with the
trigonal axis!, andu the angle between« and ĉ. Thick arrows (A)
indicate the antiferromagnetic axes. Top panels correspond to
mal incidence (u590°) and bottom panels to grazing inciden
(u525°). For both incidences, the antiferromagnetic axes are s
matized forT,TM ~left panels! and for T.TM , ~right panels! in
the hypothesis of the ideal magnetic behavior of a bulk hema
sample.
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FIG. 2. FeL2,3 spectra of thea-Fe2O3~0001!
single crystal recorded at GI for temperatur
above and belowTM

Bulk5263 K ~RT and LN, re-
spectively!. The difference curve~RT-LN!, multi-
plied by a factor 2, is reported.L2,a andL2,b de-
note the maximum at the two peaks composi
the L2 edge andL2,c is the midpoint between
them. These quantities are used for calculati
L ratio ~see text!.
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between theL2 andL3 edges. The difference curve~RT-LN!
coincides in sign with that of Kuiperet al.20

The saturation effects intrinsic to the TEY detection mo
can be a problem when small XMLD signals are concern
especially at the GI geometry. In a previous work, we ha
quantified the angular-dependent saturation effects separ
at the FeL3 and L2 edges in the particular case of iro
oxides.24 The conclusion is that theL3 edge is significantly
more disturbed by saturation effects than theL2 edge. For
this reason, in the present work we use exclusively the FeL2
edge for measuring XMLD effects.

In order to prove the sensitivity of our experiment to t
reorientational Morin transition, we have quantified the
L2-XMLD signal in the case of thea-Fe2O3~0001! single
crystal. We defineL ratio in the following way:

L ratio5
I ~L2,a!2I ~L2,c!

I ~L2,b!2I ~L2,c!
, ~1!
22440
e
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whereI (L2,a) andI (L2,b) are the maximum intensities at th
two peaks composing theL2 edge, andI (L2,c) is the inten-
sity in the midpoint between them. These values are de
mined on the raw spectra, before the data reduction m
tioned above.

Figure 3 presents the evolution ofL ratio measured on the
a-Fe2O3~0001! single crystal as a function of temperatu
going from LN to RT. We can appreciate a variation in t
value of L ratio that we correlate with the Morin transition
Although it is not as sharp as expected for a first-order tr
sition, it is known that the Morin transition in single crysta
can be rather broad since it takes place through a sequen
abrupt transitions of different regions of the crystal exhib
ing slightly different values ofTM .25 These regions are de
fined by the amount of impurities incorporated during t
growth process. Our measurement gives a mid jump at ab
TM;255 K, which is in good agreement with the values r
ported for single crystals.
f

FIG. 3. Evolution ofL ratio measured on the

a-Fe2O3~0001! single crystal as a function o
temperature. Spectra were measured at GI.
7-3
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In Fig. 4 we compare the RT FeL2 spectra of the
a-Fe2O3~0001! single crystal, the 80- and the 20-Å-thic
layers. The XMLD signals correspond to the differences
tween the NI and the GI geometries. The isotropic absorp
spectrum is also included. We observe that the XMLD s
nals corresponding to the single crystal and the 80-Å-th
layer are qualitatively the same. On the basis of the result
Kuiper et al.,20 this implies that the 80-Å-thick layer exhibit
at RT the AF ordering characteristic of the high-temperat
phase of bulk hematite. In contrast, under the same exp
mental conditions, no XMLD signal is detectable for the 2
Å-thick layer above the noise level. In addition, this latterL2
line shape is very close to that of the isotropic spectru
These facts strongly suggest that the 20-Å-thick layer is
magnetically ordered at RT.

In Fig. 5 we compare the GI FeL2 spectra correspondin
to thea-Fe2O3~0001! single crystal, the 80- and 20-Å-thic
layers. Shaded curves are the difference between the sp
recorded at RT and at LN. The isotropic spectrum is a
included. The sign of the difference for the single crys
indicates that its magnetic moments are well aligned al
the threefold axis at LN.20 The same experiment on the 8

FIG. 4. FeL2 spectra recorded at RT corresponding to
a-Fe2O3~0001! single crystal and to thin layers of 80 and 20 Å
respectively. The XMLD signals correspond to the differences
tween the NI and GI geometries and are multiplied by a facto
The isotropic spectrum is also included.
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Å-thick layer, yields zero difference within the noise leve
This result strongly indicates that the spin reorientation d
not occur in the 80-Å-thick layer at least down to 125
From the line shape of thisL2 spectrum, we can also infe
that the magnetic moments remain parallel to thec plane. In
the case of the 20-Å-thick layer, no difference signal is d
tectable between LN and RT. Moreover, the line shape at
resembles more that of the isotropic spectrum rather than
of the 80-Å-thick layer. This observation confirms that t
20-Å-thick film is not magnetically ordered, even at tempe
tures as low as 125 K.

III. DISCUSSION

The reorientational Morin transition in hematite is gene
ally explained in the literature using the Artman, Murph
and Foner~AMF! model.26 In this formalism, the anisotropy
constantK can be expressed as the sum of two oppos
contributionsK5KMD1KSI coming from different micro-
scopic origins.KMD is the dipolar anisotropy constant an
represents the long-range interaction of the Fe31 magnetic

-
.

FIG. 5. FeL2 spectra, recorded at grazing incidence, cor
sponding to ana-Fe2O3~0001! single crystal and to thin layers o
80 and 20 Å, respectively. The difference signals are taken betw
the spectra recorded at RT and LN and are multiplied by a facto
The isotropic spectrum is also included.
7-4
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MAGNETIC PROPERTIES OF Fe2O3~0001! THIN . . . PHYSICAL REVIEW B 64 224407
ions. KSI is the single-ion anisotropy constant and descri
the effect of the crystal field in the Fe31 magnetic moment.
The latter is a short-range interaction due to the spin-o
coupling. In the AMF model,KMD and KSI have opposite
signs and exhibit different temperature dependence.KMD is
negative and directs the magnetic axis within thec plane,
whereasKSI is positive and directs the magnetic axis alo
the c axis.

The reorientational MT is caused by a reversal of the s
of the overall K as a function of the temperature. AtT
50 K, the magnetic moments are aligned parallel to thc
axis becauseKSI.uKMDu. Nevertheless, atT50 K, KSI is
only 2% bigger in magnitude thanKMD . As KSI decreases
more rapidly with temperature thanKMD , the magnitude of
the two anisotropy constants become equal at a given t
perature (TM), and the easy magnetic axis rotates by 9
The crossover temperature has been shown to vary
sharply with a variety of factors, as impurities an
doping,25,27 particle size28–32 or pressure.33–35

Fujii et al. have studied by Mo¨ssbauer spectroscopy th
Morin transition of a 1000-Å-thicka-Fe2O3 film epitaxially
grown ona-Al2O3~0001!.36 They did not find any reorienta
tional transition at least down to 2.5 K, the spin alignme
remaining within thec plane. By x-ray diffraction, they de
tected that the 1000-Å-thick film exhibits a small expans
within the c plane and a small contraction within thec axis.
Our 80-Å-thick film does not undergo the reorientation
transition at least down to 125 K and it also presents a sm
expansion within thec plane. As a common feature of th
1000- and 80-Å-thicka-Fe2O3~0001! layers is the expansion
in thec plane with respect to the bulk, this expansion sho
be considered as an important factor responsible of the l
ering of TM . Finite size effects do not seem to be as imp
tant. Indeed, the film thicknesses~1000 and 80 Å! are sig-
nificantly much larger than those of other AF films for whic
finite size effects have been evidenced.12,13

The lowering ofTM in thin layers can be discussed in th
light of early papers concerning the magnetic properties
a-Fe2O3 microcrystals~1000–100 Å in diameter!.28–32 In
small particles, it is systematically found thatTM decreases
with the decrease in particle size. It is also well establish
that the rhombohedral lattice parameter increases~Da/a be-
tween 0.05% and 0.6%! when the particle diamete
decreases.29,30Authors connect the lowering ofTM in micro-
crystals with the expansion of the cell parameter and c
sider that surface or finite size effects are of secondary
portance. Indeed, it is well established elsewhere that th
exist a strong interaction between the magnetic and the e
tic subsystems ina-Fe2O3. Studies of the magnetoelast
interaction in hematite bulk samples have established
hydrostatic pressure raisesTM ,35 whereas mechanica
stretching~‘‘negative pressure effect’’!, which expands the
lattice parameter, lowers it.33

For explaining the lowering ofTM in microcrystals in the
AMF framework, it is assumed that the magnetoelastic in
action mainly affects the dipole-dipole interactionKMD . KSI
is much less affected by lattice distortions, but highly sen
tive to other factors as Fe substitution.27 Indeed, KMD is
22440
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found very sensitive to the Fe31 ion special position
parameter.26,34 Within this interpretational framework, the
expansion of the atomic distances should change the F31

ion special positions in the cell to such an extent tha
makesKMD the dominant anisotropy, even at very low tem
peratures. Therefore, the magnetic moments would rem
pinned in the basal plane and no reorientational transi
towards an easyc axis would occur.

This approach can be directly extended to explain
lowering ofTM in thin layers. The expansion of the rhomb
hedrala parameter~rhombohedral basis! in the microcrystals
is of the same order of magnitude as the expansion in thc
plane ~hexagonal basis! measured in the thin films. Yama
moto showed that changes inKMD induced by an expansion
or a contraction within thec plane are about ten times large
than those induced by changes occurring along thec axis.30

In this hypothesis, if we apply the relationship betweenDa/a
and the decrease ofDTM in microcrystals given by Schoee
and Nininger,29 we find that the measured value ofDa0 /a0

50.3% is consistent with the observation of a lowering
TM below 125 K.

The absence of any XMLD signal in the 20-Å-thick lay
is actually more complex to explain, and may be understo
as the combined effect of several factors.

First, this result is compatible with a reduction of the Ne´el
temperature below 125 K (TN

Bulk5953 K). It is reported in
the literature that microcrystals of diameter smaller th
;100 Å exhibit superparamagnetic behavior.28,30,37 In the
case of very thin films, also finite size effects should actua
play an important role in the lowering ofTN . From the sim-
plest point of view, there are just not enough Fe31 layers
stacked along thec axis to develop the magnetic pattern d
fining the properties of bulka-Fe2O3. Indeed,TN is found to
be a strong function of the layer thickness, and 20 Å cor
spond to the dimensions below which finite size effects h
been found in other AF oxide films.12,13 Alders et al. have
studied the thickness dependence of the magnetic prope
of NiO~100! layers by XMLD at the Ni L2 edge.12

The XMLD signal of the 10 ML~;20 Å! layer is much
reduced in comparison with the 20 ML~;40 Å! film, while
the 5 ML ~;10 Å! film is in the paramagnetic state at roo
temperature.

In addition to finite size effects, magnetoelastic intera
tions should be an important ingredient in very thin films.
lowering of TN has been recently measured in a LaFe3
strained film of 400 Å of thickness.5 In the present study, the
in-plane expansion~0.8%! is significant and then we ca
conceive that the associated magnetoelastic interac
strongly perturbs the long-range dipole-dipole interaction
such a way that even at 125 K the 20-Å-thick layer is in t
paramagnetic state.

In addition, the lattice changes in the thin film can
anisotropic, i.e., the measured expansion in thec plane
~0.8%! can be accompanied by a compression along thc
axis.36 This fact can cause a significant distortion of the Fe6
octahedra, leading to changes in the local crystal field, wh
could reduce the magnetic moment of the high-spin state
the Fe31 ion.5 This possible reduction of the Fe31 magnetic
7-5



in

u
o

ts
ri

e
e
n

ve
a

ea

n

m

lay

al in
the

tate

y-
in
ir
sent

er-
ers,

or
fon

GOTA, GAUTIER-SOYER, AND SACCHI PHYSICAL REVIEW B64 224407
moment could be a much important ingredient for explain
the absence of any XMLD signal in the 20-Å-thick layer.

IV. CONCLUSIONS

The present work confirms XMLD as a technique partic
larly well adapted for studying the magnetic properties
ultrathin AF oxide layers.

In the case of a 80-Å-thick layer, XMLD measuremen
strongly indicate the absence of the reorientational Mo
transition at least down to 125 K (TM

Bulk;263 K). This
anomalous magnetic behavior is attributed to the lattice
pansion in thec plane~0.3%!. This expansion should chang
the Fe31 ion special positions in the cell to such an exte
that it makes the dipolar anisotropy the dominant term, e
at very low temperature. The consequence is that the m
netic moments remain pinned in the basal plane and the
magnetic axis cannot turn along thec axis.

In the case of a 20-Å-thick layer, we do not detect a
XMLD signal even at very low temperature~125 K!. This
strong reduction of the Ne´el temperature (TN

Bulk5953 K), is
probably due to important magnetoelastic interactions, co
y
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ing from the expansion of the lattice parameter in thec plane
~0.8%!. For this thickness, finite size effects should also p
an important role. A decrease of the Fe31 magnetic moment
can also contribute to the absence of any magnetic sign
the 20-Å-thick layer. Indeed, anisotropic changes of
atomic distances can lead to a distortion of the FeO6 octahe-
dra, reducing the magnetic moment of the high-spin s
Fe31 via crystal-field effects.

In summary, the magnetic properties of thin epitaxial la
ers of hematite differ significantly from those established
bulk samples. It is of high interest to go further into the
consequences for exchange biasing applications. The pre
results open the way to the possibility of tailoring the ord
ing temperatures and the easy magnetic axis in AF lay
playing with both strain and layer thickness.
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