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Calculated spin polarization and magnetic dichroism of photoelectron diffraction spectra
for magnetite below the Verwey temperature
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Spin- and angular-resolved photoelectron spectra are calculated for magnetite below the Verwey tempera-
ture. The results are compared for the Mizoguchi model, the Zuo model, and an assumed nonmagnetic
Fe**Fe,2%" O, configuration. Due to an occurring symmetry breaking at the Verwey transition, the effect of
the magnetization can be clearly separated from the spectra; further effects are due to charge ordering. Fur-
thermore, the charge ordering models are compared by a separation of the spectra into contributions from
ferrous and ferric iond.S0163-18206)03321-9

I. INTRODUCTION Therefore we compare both models with the fictive nonmag-
netic high-temperature structure, regarding the charge order-
Magnetite is a material which is investigated intensively,ing at the Verwey transition temperature and the magnetiza-
because it appears in rocks at depth, in biological objectdjon as symmetry breakings.
and because it is used for technical applications. It is respon- At room temperature R, has an inverse spinel struc-
sible for palaeomagnetism and geomagnetic variafioits, ture, which is cubic with the lattice constaat=8.3963 A.
can be important for the orientation of bésnd it is used The oxygen atoms nearly form a fcc lattice and the iron
in magnetic recording systerfis. atoms occupy one-half and one-eighth of its octahedkal (
Magnetite exhibits several structures. At the Verwey tem-and tetrahedralR) interstitial sites, respectively. The small
peratureT,~ 119 K there occurs a metal-insulator transition deformation of the oxygen latti€és not considered here. We
from a cubic to a monoclinic pha$€.At very low tempera-  find Fe3* on theA sites and both F& and Fé* on the
tures we have arrangements due to magnetoelectric effects.B sites; thus the inverse spinal structure can be characterized
We find reconstructions at the surfa®& or in thin by the formula F&* (Fe?*Fe3*)0,. However, as no dis-
films.*2=24 A phase transition is found at high presstte-’ tinction can be made between differeBtsite atoms*3%37
Furthermore, FgO,/NiO multilayerd®=22 found consider- magnetite at room temperature is better described by
able interest. The structure of these systems was investigatg@**Fe,2>" Q,.
by neutron scattering’?* low-energy electron diffractiof; Magnetite is ferrimagnetic with the magnetic moments of
photoelectron diffractioR;*®x-ray diffraction;®**and other  the A and B site atoms showing opposite orientations. The
methods. There are attempts to determine the stable phaggagnetization has a cubid@11) direction at room tempera-
from electronic structure calculatiof;3! ture, whereas it changes to the monoclifi61) direction for
We discuss the possibilities to investigate the magnetiche low-temperature phasé.
structure of FgO, below the Verwey temperature using  Epitaxial growth of magnetite at room temperature leads
spin- and angular-resolved photoelectron diffraction. In Secto a[111] surfacet* The stacking of layers for such a surface
Il we resume the magnetic structure of different models. Inas determined by Barbiegt all* is shown in Fig. 1. The
Sec. lll we summarize the basic formulas of the photoelecpositions of the iron atoms in each layer can be seen from
tron diffraction. Calculated results are presented in Sec. I\Fig. 2. Focusing on the effects of the charge ordering we
and discussed in Sec. V. Section VI contains conclusions. used the idealized inverse spinel positions also for the low-

IIl. SYMMETRY CONSIDERATIONS

——————— A (Fe™) 7=0
The first structure model for the monoclinic low- ~  |-=-====-==----=-- (6] -0.0722 a
temperature phase was proposed by Verfveyt was ex-

3+ 2+
cluded by NMR measurements® and Massbauer B (Fe™Fe™) -0.2165a

spectroscopy*>°During the 1970s several models were pro- ~ |cccceccccoca-- ) -0.3608 a
posed, which are reviewed in Ref. 7. At that time, the Mi- |- — — — — — — A (Fe’) -0.4330 a
zoguchi modef-3® seemed to be the most satisfactory one. B (Fe™"Fe™) -0.5052a
However, it appeared to be slightly inconsistent with some T T T TCT AmD e
neutron scattering experimerftsOvercoming this inconsis-

tency Zuoet al?’ proposed another model, which they con- B (Fe™Fe™) -0.7939a

firmed by means of high-energy electron diffraction experi-
ments. We want to investigate the possibility to decide by
means of photoelectron diffraction experiments which of the FIG. 1. Layer stacking for a magnetifé11] surface without
two models of Mizoguchi and Zuo is more appropriate.surface relaxation.
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can be described by two anglasandé. e, , are unit vectors
Mizoguchi m. | Zuo model perpendicular to the photon wave vectey;is chosen to be
parallel to the surface. Far=m/4 and é= * w/2 we have
right and left circularly polarized light, depending, respec-
tively, on the sign ofé.

The photoelectron intensity

12k~ >
R ue

is a sum over the contributions of the degenerated core levels
. at different siteR. For our notation we refer to Refs. 40
and 26.M is the dipole matrix element argl the scattering

layer 4 path operator, which contains the direct wave and the single
and multiple scattering contributions. Generally, the scatter-
ing phase shift$), depend on the spiur.

We consider the transformation of the intendi® with
respect to the rotatio€; and the reflections; (i = 1,2,3
assuming that these symmetries are present andlthb
direction is the axis of spin quantization. We restrict the
formulas on a photon wave vector parallet antiparallel to
the (111) direction and right &, rc) or left (e*, Ic) circularly
polarized light. The direction of the photoelectron wave vec-
000 tor k is described by the two polar anglésand ¢.

Applying C5 leaves the spinors and the photon polariza-
tion invariant. Therefore we find for the spin-dependent in-

2

2 B (KM, ©

00
layers 1,3 layer 5
O Fe*t D Fet

FIG. 2. Positions of the atoms in the iron layers of Fig. 1, tensities
counted from the surface downwards. Odd and even layers contain - -
A andB site atoms, respectively. For room temperatureBallite 17(60,¢;€)=17(6,120°+ ¢; ). ()
atoms must be thought to be #8. The two-dimensional unit cell

of the monoclinic phase is shown in all layers. The reflectionsr; change the spinor from spin up to spin

down and vice vers@as shown in the Appendixand the

Polarization frome to €*. If the scattering potential is not

temperature phase. The Mizoguchi and Zuo models d|1°feSpin dependent, we find the relation

from egch other by the occupation of tBesites with F&*
and F€" as shown in Fig. 2. - o Coa
At room temperature ?hélll] surface configuration ex- 17(0, i+ $€)=177(0, ¢~ pi€7). @
hibits C5, symmetry; i.e., there is a rotation@s symmetry  Obviously both Eqs(3) and (4) apply also for the total in-

around the surface normal and reflectional symmetoes tensity.

according to the three planes characterized by the polar From (3) and (4) symmetry relations for the dichroism,
angle$® ¢,=30°(210°), ¢,=150°(330°), and ¢3 D=(I/+1})—(}.+IL), and for the spin polarization,
=270°(90°). For both low-temperature models this symmep(¢)={|1(e)—1'(e)}/{l' () +1'(€)}, can be derived, giv-
try is broken by charge ordering and the change of orientamg

tion of the magnetization, which is now described by the

polar anglesp,,=30° andf,,~54.7°. While the Mizoguchi D(6,¢0)=D(6,120°+ ¢), 5)
model shows no symmetries for th&l1] surface, there re-
mains a glide plane foe;=30° (see Fig. 2 in the Zuo P(0,$,€)=P(6,120°+ ¢,€) (6)

model, which, in view of the direction of the magnetization,
favors this model. The consequences of the symmetry brealnd

ings for the photoelectron spectra are discussed in the next
section. D(0,¢i+¢)=—D(0,¢i— ), (7)

P(6,¢i+ p,€)=—P (0, — ¢, €*). (8)

In magnetite we find a breaking of the symmetry relations
We calculate the photoelectron current dependent on thgd) and (4) due to the lattice distortion, the magnetization,
direction (photoelectron wave vectdr), the photoelectron and the charge ordering below the Verwey temperature. We
spin (quantum numbewr), and the photon polarizatios. only discuss the influence of the magnetization and the
The arbitrary polarization charge ordering. Still above the Verwey temperature there
occurs a breaking of4), if we include the spin dependence
of the scattering potential. This effect gives rise to the pos-
€= e;sina + e,e'écosy (1) sibility to study the magnetic structure of magnetite above

lll. THEORY



14 264

P. RENNERT, W. MUCK, AND A. CHASSE

Mizoguchi model

TP
%} #ﬁﬁ
%} 1[#:@0)
P

Zuo model

VAN
et
b-D
#[#ﬁ%%
OP
SRS,
LD,
e Il 'a

1.0+

] i
a) Mizoguchi model

FIG. 3. The eight different rings of layer 2 for the Mizoguchi
and Zuo models.

rel. Intensity Difference (%)

the Verwey temperature and was investigated in an earlier
paper?® Below the Verwey temperature both relatio(®
and(4) are broken. In addition, the axis of spin quantization,
which coincides with the direction of the magnetization, is
now different from the surface normal. Therefore E8)
would not hold for the spin-dependent intensities, even if the
crystal symmetry still containe@;. However, it would still
hold for the total intensity, because the choice of the axis of . : :
spin guantization does not affect the scalar total intensity. 30° 150° 270° 390°
Accordingly (5) would still hold. On the other hand, Eqg), ®(©=230
(7), and(8) still hold in the spin-independent case, but due to

the dlrectllonl of thﬁ magnetlf]atl;)nhontljy de: ¢mf: ﬁoo' between rings 1-4 of the Mizoguctd) and Zuo(b) models and the
We calculate the strength of the breaking of these Symhypothetical unordered structure, both nonmagnetic. The normal-

metries and its difference for the charge ordering models of, entity €ing— ! unord/ (2! unord) iS Shown.
Mizoguchi and Zuo. fing. oA nor

-1.04 e

FIG. 4. Calculated relative differences of the total intensities

model, the Mizoguchi model, and the hypothetical
Fe'Fe® Q,, i.e., the idealized high-temperature configu-
ration.

Within the multiple scattering theory the atoms are char- We calculated the photoelectron spectra for the different
acterized by scattering phase shifts. In our system they anéngs 1-8(see Fig. 3 within the Mizoguchi and Zuo models,
different for F¢* and F€" due to the different atomic con- and we compare the results with the nonmagnetic high-
figurations 21° and 3%, respectively. Furthermore, at each temperature configuration in Fig. 4. The same lattice con-
site we have different phase shifts for spin up and spin dowrstant was used for all calculations. The differences charac-
electrons, because the exchange potential is determined bgrize the order of magnitude of the magnetic scattering,
the number of electrons with parallel spin. Details of thesewhich is different for the different structure models.
considerations can be found in Ref. 26. Another possibility to distinguish between the Mizoguchi

Above the Verwey temperature the electron configuraand Zuo models is to separate the spectra of ‘Fand
tions 3d*4s! and 3*°4s' were used to describe F& on  Fe*'. Sasali® observed a chemical shift of about 5 eV be-
the A sublattice and F&>" on theB sublattice, respectively. tween the ferrous and ferric ions in x-ray absorption near-
The spin is quantized along tti&11) axis, which is the sur- edge structur€XANES) measurements. Therefore we calcu-
face normal for epitaxial-grown magnetite. Below the Ver-lated the contributions from Pé and Fé" to the
wey temperature we have a change of the magnetization dphotoelectron spectra separately as shown in Fig. 5. The dif-
rection from(111) to (001). Moreover, in theB sublattice we  ferent total intensities for the Eé and Fe€* atoms[Fig.
have a definite distribution of Pé and F€", which is dif-  5(a)] stem from the different total number of absorbers. The
ferent for the Mizoguchi and Zuo models. intensity for FE* is roughly twice the intensity for Fe .

As can be seen in Fig. 2, there are eight nonequivalent All calculations were performed for an electron energy of
atoms in the 2D unit cell of layer 1. Lying just underneath in 70 eV and up to the first scattering order, which is sufficient
layer 2 there are eight rings of six atoms, each atom beingp estimate the order of magnitude of the influence of the
contained in two rings. The eight rings of layer 2 are shownmagnetic scattering. The excited core state was taken to be
in Fig. 3 for the Mizoguchi and Zuo models. The distribution the p,;, state, which differs energetically by approximately
of Fe?* and F€" atoms within the rings differs between the 13 eV from theps, state’? Therefore, both states can be
two models. Thus, the difference in the contribution of theseclearly separated in experiments. The calculations were per-
rings to the photoelectron spectra determines the order dbrmed for a cluster of 174 iron atoms with(a11) surface.
magnitude of the difference in the spectra between the Zu@he oxygen atoms were neglected for these qualitative con-

IV. CALCULATIONS
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FIG. 5. Calculated total intensities for the Mizoguchi and Zuo
models with the contributions of the Fe and F€* absorbers
shown separatelya). The relative intensity differencé) between
both models is given byl {4, — 200/ (I miz T 1 2u0) -

FIG. 6. Calculated relative differencésf. Fig. 4 between the
total intensities for the MizogucHi), (b) and Zuo(c), (d) models
and the total intensity for the hypothetical nonmagnetic unordered
structure. For(@ and (c) the magnetic moment was not included,

whereas it was included fdb) and (d). The three intervals of the

;idgrations, as they are weak scatterers. T_he direction of ”}ﬁ)lar angled are compared in order to illustrate ta symmetry
incident photons was taken to be perpendicular to(1Hg) breaking. Note the different axis scales.

surface. The electron spin was quantized parallel to the mag-

netic moment, i.e., in théD01) direction. layer 2 (see Fig. 3 each position is occupied 4 times by
Fe?' and 4 times by F&. Moreover, the contributions of
V. DISCUSSION rings 1 and 2 as well as of rings 3 and 4 to the symmetry

breaking nearly cancel, as can be seen in Fig. 4; the same is

Besides the lattice distortion we have two sources for therue for rings 5—8. On the other hand, for the Zuo model the
symmetry breaking(i) The charge ordering at tH# sites is  atoms form three-atom chains in certain directi¢ese Fig.
represented by the fact that ¥e and FE€* are assigned 2). Thus, the upper left and lower right positions of the rings
different atomic potentials due to their different electron con-are always occupied by E&. Therefore the contributions of
figurations. The atomic distribution shows neither @genor  the single rings to the symmetry breaking do not cancel. If
the o symmetry(see Fig. 2 Only in the Zuo model does the magnetic scatteringi) is included, then the symmetry
there remain a glide symmetrgii) Due to the magnetic mo- breaking is observable also in the Michoguzi mofieig.
ment of the atoms, the exchange potential is different foi6(c)] and is enhanced in the Zuo mod#lig. 6(d)]. Hence,
spin up and spin down electrons, which results in their dif-the overallC; symmetry breaking is mainly determined by
ferent scattering properties. This leads to an additional breakhe fact that the magnetization is not orientated al¢iitf).

ing of the o; symmetry. In addition, the charge ordering results in differences be-
Figure 4 shows the contributions of rings 1¢sée Fig. 3  tween the spectra for the Mizoguchi and Zuo models.
to the photoelectron diffraction spectra, includifg but ne- Figure 7 shows the relative symmetry breaking of &

glecting (i) at first. Due to the different numbers and posi- Neglecting the magnetic scatterifig) there is nothing but a
tions of the Fé™ and FE€™, we find a violation ofC; [for-  small symmetry breaking for the Mizoguchi model as well as
mula (3)] of about 1% compared with the hypothetical Fe for the Zuo mode[Fig. 7(a)]. For the Mizoguchi model this
3*Fe,?%" 0, configuration. However, if we add up all the derives from a cancellation similar to the results shown in
contributions, then there nearly occurs a cancellation in th&ig. 6@a); for the Zuo model it follows from the existing
Mizoguchi model[Fig. 6(@&], whereas more than 10 times glide symmetry. Including the magnetic scatterifrig. 7(b)]
larger differences remain in the Zuo modE€ig. 6b)]. The  a symmetry breaking of some percent arises. As can be seen,
reason is the relatively arbitrary distribution of the’Feand  the overallo; symmetry breaking nearly exclusively stems
Fe3* atoms in the Mizoguchi model. In the eight rings of from the magnetization, which is the same for both structure
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| : former shows measurably different spectra for the Mizoguchi
and Zuo models and can therefore be used to investigate

charge ordering, whereas the latter is dominated by the mag-
netic symmetry breaking and contains too small an amount
of information about charge ordering. Because only the total
intensities are needed for tidy symmetry breaking, simple,
i.e., not spin-polarized, photoelectron diffraction experiments
are sufficient for this particular investigation. Second, if the
spectra for the ferrous and ferric ions are considered sepa-
rately, the spectra are measurably different for both charge
; : ; : ordering models. Moreover, th@; symmetry breaking turns
0.04 - out even clearer. Hence, a combination of both methods

: : : : yields an excellent possibility to study the charge ordering of
magnetite below the Verwey temperature.
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APPENDIX

relative Symmetr¥ Breaking (%)

Without loss of generality, we consider the transformation
— : of a spinor with respect to a reflexion at the plane. The
/’J \_ transformation X,y,z)—(—X,y,z) may be split up into a
i ; 180° rotation around the axis (x,y,z)—(x,—y,—2z) and

27 _ : the inversion X,—y,—2z)—(—X,y,z). The transformation
: : — Mizoguchi m. of a four-component spinor by the inversion is given by a
-4 ----1- Zuo model multiplication with the Dirac matrix—iy,.*® If we restrict
i : N W our considerations to two-component spinors, the spinor is
150° 180° 210° 240° 270° not changed, because there is no two-dimensional irreducible
® (0 =307 unitary representation of improper rotations.

The change of any physical quantity by a rotatibem

FIG. 7. Calculatedr, symmetry breaking for the Mizoguchi and is given by the unitary transformation matrixU

Zuo models. The relative entityl ;(210°+ ¢)—1 (210°

— )Tl 1o (210°+ ) +1 o (210°— )] is shown. For(a) the =(_axp:—(i/h)J-6w]. For a finite rotationw ground ace_rtain
magnetic moment was not included; fid) it was. Note the differ- ax_'s’ de can be replaced. by. If we restrict our ConSIer-
ent axis scales. ations to the transformation of the two-component spinors,

J coincides with the spin operatofif2) o, where o is the

models. Therefore, for these results the difference betwee¥ector of the Pauli matrices. Fes= we, we find
the Mizoguchi and Zuo models is very small. . .
9 y U=1 cod w/2)—ia,sin(wl2),

VI. CONCLUSIONS which simplifies because fo(:I. In this particular case,
o= m; thus onlyU= —io, remains. With

3wl ol

Uy, =—iy. andUy_=-—iyx,.

The aim of this paper was to consider different possibili-
ties to investigate the charge ordering of magnetite below the
Verwey transition temperature by means of spin- and UXZ(
angular-resolved photoelectron diffraction experiments, par-
ticularly if one can distinguish between the Mizoguchi and ;

; . . we obtain
Zuo models. Using the occurring symmetry breaking of mea-
sured spectra is a suitable tool, because interesting effects
can be separated from the spectra and only a little quantita-
tive comparison with model calculations is needed. Two dif-Thus, up to a phase factor, which does not contribute to any
ferent possibilities of this investigation have been found.matrix element, the spin up and spin down spinors are ex-
First, of the two symmetry breakingS; and o4 only the changed. Equatiofd) follows from this result.
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