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The (100) surf ace of magnetite Fe3O 4 thin Ùlm w as studied by a U H V
low -tem p erature scanning tunneli ng microscop e and by an ion scattering
spectroscopy . T he tunneli ng spectra revealed a w idening of the gap w ith
decreasing temp erature, w hich may be related to the metal {in sulator phase
transition in this material. A strong e˜ect of this phase transitio n on ion
scattering from such a surf ace w as observed. T he temp erature dep endence of
the scattered ion yield, R

+
( T ) , revealed tw o minima at around 100 K and at

125 K under N e+ bombardment w ith the primary energy up to 6 keV . T he
disapp earance of the high- temp erature minimum at a b ombarding energy
of 6.5 keV gave a further evidence for the ion velo city dep endence of the
character of the R

+
( T ) curve, w hich has been Ùrst observed for a M BE

Fe3 O 4 (111) Ùlm surf ace.

PAC S numb ers: 61.16.C h, 61.18.Bn, 71.30.+ h

1. I n t rod uct io n

M agnet i te, Fe3 O 4 , has a cubi c inverse spinel structure wi th a latti ce constant
of 8.3967 ¡A. The valence structure is [Fe3+ ] ( Fe3+ Fe2+ )( O2 À ) 4, where one hal f of
the Fe3 + ions occupi es the tetra hedra l ly-coordi nated sites (A- sites) and the other
hal f to gether wi th the Fe2 + ions are located in the octahedra l ly-coordi nated sites
(B-sites). Electro n hoppi ng between neighbori ng Fe2 + and Fe3 + on B-sites is the
reason f or the good electri cal conducti vi ty at room temperature. Up on cool ing,
m agneti te underg oes a m etal { insul ato r pha se tra nsiti on (M IT), i.e. the Verwey
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tra nsiti on, at a tem perature in the range of 115{ 125 K, where the electron hoppi ng
is f rozen and the crysta l becom es insulati ng [1].

R ecently, increasing attenti on has been focused on the growth and charac-
teri zati ons of epi ta xi al (MBE) Fe3 O 4 thi n Ùlms. The surface to pology has been
intensi vel y investigated by scanni ng tunnel ing micro scopy (STM) on a num ber of
di ˜erent surf aces of sing le crysta ls and MBE thi n Ùlms of m agneti te [2{ 8]. On the
other hand, low energy ion scatteri ng (LEIS) techni que (or ion scatteri ng spec-
tro scopy (ISS)) has been pro ved to be qui te a sensiti ve techni que f or sol id surface
analysis especial ly for the general phenom ena of surface phase tra nsiti ons [9, 10].
R ecently, thi s techni que has been used for inv estigati ons of the MIT of several
m agneti te surf aces [11{ 13]. D istinct anom al ies around 100{ 130 K in the tem per-

Fig. 1. (a) T he cubic inverse spinel structure of Fe3 O 4 . For clarity , the atoms are show n

only in the front half . Oxygen anions are shown as big open spheres, Fe atoms in octa-

hedral sites as small shaded spheres and those in tetrahedral sites as small solid spheres.

(b) T he stacking sequence of di˜erent (100) layers in magnetite. T he crystallogra phi c

direction s of magnetite are show n. T he surf ace semi- channel w ith the channel height of

1 ¡A exists on magnetite surf ace.
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ature dependence of scattered ion yi eld, R + ( T ) , have been observed. Mo reover,
the character of the R + ( T ) curve obta ined for MBE Fe3 O 4 (111) Ùlm surf ace was
found to depend on the vel ocit y of bom barding ion [13].

In thi s paper we present the STM and ion scatteri ng m easurements per-
form ed on a (100) surface of MBE Fe3 O 4 thi n Ùlm. In the bul k, there are two
di ˜erent (100) pl anes; one bui l t up by the octa hedra l ly-coordi nated i ron and oxy-
gen ato m s and the other one by tetra hedra l ly-coordi nated i ron ato m s, as shown
in Fi g. 1. W e noti ce here also the semi-channel form ed by Fe ions on the surface
(Fi g. 1b) favo rable for the zigzag col l isions of ions [13]. W e have focused on inv es-
ti gati ng the tem perature dependence of the tunnel ing spectra and of the energy
spectra of ions scattered f rom such a surface. It wa s exp ected tha t som e vi sible
change woul d be observed around the Verwey tra nsiti on tem perature.

2. E x per i m en t a l

The sam ple discussed in thi s paper is 200 ¡A thi ck Fe3 O4 Ùlm grown on Mg O
(001) substra te in a UHV MBE system . The Ùlm structure was contro l led by a
standard four-gri d low- energy electro n di ˜ra cti on { Aug er electro n spectro scopy
(LEED -AES) spectro meter. Before depositi on, the Mg O substra te was annealed
for 20 min at 6 0 0 £ C. The Fe3 O4 layers were deposited by evaporati on of 5 7 Fe
in O2 am bient pressure at the rate of 14 ¡A/ min and at the substra te tempera-
ture of 250£ C. The 5 7 Fe isoto pe has been used as a probe f or conversi on electron
M �ossbauer spectroscopy (CEMS). The in situ LEED im age of thi s Fe3 O4 (100)
thi n Ùlm revealed a cl ean, well -ordered (100) surf ace [14]. The tem perature depen-
dence of CEMS spectra ta ken i n situ reÛected a good stoichi ometry of the thi n Ùlm.
Na mely, the spectra at room temperature could be Ùtted wi th two m agneti c com -
ponents of \ 2.5+ " and \ 3+" wi th the intensi ty rati o of nearly 1:2, and the dra stic
change of the spectra related to the Verwey tra nsiti on occurred at a tem perature
of 130 K. X-ray photo electron spectroscopy (X PS) m easurements were perform ed
usi ng a spectrom eter equipp ed wi th Mg K ˜ radi ati on source (h ¡ = 1 2 5 3 :6 eV).
The XPS spectrum of the MBE (100) Ùlm of m agneti te showed the Fe 2 p l ines and
O 1 s tra nsiti on, simi lar to tha t of MBE (111) Ùlm and for a sing le crysta l sampl e.
A spin{ orbi t spli tti ng of the Fe 2 core level into 2 1 2 and 2 3 2 components was
found. The obta ined bindi ng energies were in good agreem ent wi th tho se reported
earl ier [15].

STM inv estigatio ns have been carri ed out in an Om icron low- temperature
instrum ent, operati ng at a base pressure of 1 1 0 À 1 0 m bar. El ectrochemical ly
etched tung sten ti ps were used. Beside of ta ki ng STM im ages the col lecti on of
local current- versus-vol ta ge ( ) curves (STS) wa s of specia l interest. Al l curves
were m easured wi th the f eedback loop o˜. To al low quanti ta ti ve com parison of
the spectra , the ( ) curves at di ˜erent tem peratures were recorded at the same
pre-selected tunnel barri er wi dth. The spectra l current 1/ no ise density was de-
tected wi th a lock- in ampl iÙer at a frequency of 11 kHz. It was recorded as a
functi on of tunnel ing vo l ta gewi th the sam eti p positi on on the sampl e surface and
at di ˜erent tem peratures.
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The ion-scatteri ng experim ents were perform ed using a standard ISS in the
tem perature range of 85{ 300 K. A smal l -angle geom etry has been developed for
ion-scatteri ng experim ents on the thi n-Ùlm surfaces, as described earl ier [13]. There
wa s less dam age caused by the ion beam to the Ùlm surface due to the large
footpri nt at smal l angles.He+ and Ne+ ion beam s at energies between 5.0 keV and
6.5 keV wi th an energy step of 0.5 keV were used. W eopti m ized the scatteri ng peak
at grazing angles for the tem perature- dependent investi gatio ns. Such a peak was
found to be the m ost suita ble since i t wa s stro ng enough and the bombardi ng- ti me
e˜ect on the thi n-Ùlm surface was weakest for thi s positi on [13].

3. R esul t s an d d iscu ssio ns

STM im age of the MBE Fe3 O 4 (100) surf ace at room tem perature showed a
rough surface wi th the presence of several smal l features tha t were supp osed to be
conta m inati ons. Our sampl e had to be exp osed to ai r for some ti me. Possibl y, the
Ùlm surface stoichi ometry has changed as well [16]. There is always the questi on
for an ex situ STM experim ent whether the obta ined STM im ages represent the
actua l surf ace duri ng growth. However, mul ti ple steps of about 2 ¡A hi gh between
large terra ces were observed. Thi s step height is corresp ondi ng to 1/ 4 of the bul k
spi nel latti ce constant of magneti te. The observed surf ace step m ight correspond
to the di stance between tw o adjacent planes of oxyg en atom s or equivalently of
i ron ato m s.

Fi gure 2 shows the local tunnel ing spectra (STS) recorded at the sam e se-
lected tunnel barri er wi dth and at di ˜erent temperatures. The I ( U ) curves are sig-
ni Ùcantl y non-ohm ic. The tunnel ing current I T was close to zero in a vo lta ge range
between { 2.1 V to +0 .9 V. There was almost no change in the curve shape wi th
decreasing tem perature down to 70 K. Som e inner structure in the dI =dU versus
U T curves, however, was revealed at thi s tem perature (Fi g. 2b). A vi sible wi den-
ing of the gap wa s observed at 55 K. W e assumed tha t for the tunnel ing current
spectra, a vi sible gap change related to the energy gap up on the charge-orderi ng
tra nsiti on in m agneti te can be observed when the electron hoppi ng is com pletel y
frozen out, i .e. when the sampl e is in a com plete insul ator state.

The intensi ty of the 1 = f current noise m easured as a functi on of the tunnel ing
vo l tage is shown in Fi g. 3. At room tem perature, i .e. in the m etal l ic phase, no tun-
nel ing vol ta ge dependence was observed. At low tem perature, i .e. in the insul ato r
phase, the noise exhi bi ted a much lower background. Mo reover, i t wa s increased
wi th increasing tunnel ing vol tage. Unti l now there are onl y two f actors ta ken into
account for expl aining the origin of the STM 1/ f spectra: (1) the Ûuctua ti on of
the tunnel ing barri er height a˜ected by physi cal condi ti ons of the surf ace, and
(2) the Ûuctuati on of the phonon density [17]. Ho wever, for magneti te the Ûuctu-
ati ons of the density of carri ers in a cri ti cal netwo rk of conducti on can play an
im porta nt ro le [18]. Na mely, when the numb er of carri ers inv olved in the hoppi ng
conducti on decreases, the conducti vi ty becom es m ore sensiti ve to the Ûuctua ti on
of the num ber of charges in the netwo rk; it provo kes an increase in the 1/ f noise
level.
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Fig. 2. Tunneling spectra (a) and lo cal conductiv ity spectra (b) of MBE Fe3 O 4 (100)
Ùlm at low temp eratures. A widening of the gap w as observed at 55 K .

The Verwey tra nsiti on of the MBE Fe3 O 4 (100) Ùlm surface has been tho r-
oughly inv estigated by ion scatteri ng exp eriments. In thi s paper we focus on the
ion scatteri ng data under Ne+ bombardm ents. The energy spectra of ions scat-
tered from such a surface under 5.0, 5.5, 6.0, and 6.5 keV Ne+ bombardments at
87 K, pl otted in a relati ve energy scale of E 1 =E 0 (where E 1 i s the energy of the
scattered ions and E 0 | the pri m ary energy), are shown in Fi g. 4. Two m ax-
im a were observed, whi ch becam e m ore vi sibl e wi th increase in the bombardi ng
energy. For energies higher tha n 5.0 keV, the m aximum at the low- energy side
(the low-energy maximum ) increases enorm ousl y wi th increasing pri m ary ener-
gies, whi le no change in the intensi ty of the maxi mum at the high-energy side was
observed. The minimum between two m axim a was found to locate at the same
relati ve energy loss rati o, E 1 =E 0 , of 0.865, as shown by the verti cal l ine in Fi g. 4.
In the case of ion scatteri ng from the cleaved surface and (111) Ùlm surface, onl y
bro ad scatteri ng peaks have been observed [12, 13]. The broad scatteri ng peak is
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Fig. 3. Sample bias dependence of the noise intensity for MBE Fe3 O 4 (100) Ùlm mea-
sured at room temp erature (i. e. in the metal phase) and at 55 K (i. e. in the insul ator

phase).

Fig. 4. Energy spectra of 5.0 keV , ( ), 5.5 keV (f ull triangle ), 6.0 keV ( £ ), and 6.5 keV

( 4 ) Ne+ ions scattered from MBE Fe3 O 4 (100) Ùlm surf ace at grazing angles and at

the target temp erature of 87 K . T he vertical line show s the position of the minimum

b etw een tw o maxima, w hich is at the same relative energy loss ratio, E 1 =E 0 , of 0.865

for di˜erent bombarding energies.
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always considered as a superpositi on of many scatteri ng peaks in whi ch each one
is wi th di ˜erent scatteri ng conÙgura ti on (sub- scatteri ng peak), i .e. each at di ˜er-
ent scatteri ng angles. W e assumed tha t due to the e˜ect of neutra l izati on some of
the sub- scatteri ng peaks at certa in scatteri ng angles m ay disappear resulti ng in
the m inimum observed in the scatteri ng peak of the (100) Ùlm surf ace. Mo reover,
thi s minimum became more vi sibl e wi th increase in the pri m ary energy. Since the
shadow cone is decreased at larger bom bardi ng energies, probably the ions can go
deeper into the semi-channel and reach the botto m . As a consequence, the neutra l-
izati on by the surf ace semi-channel became m ore disti nct wi th increasing pri m ary
energies. Al tho ugh beyond the scope of thi s arti cle, i t would be interesti ng to per-
form the measurements of the energy spectra of neutra ls, by a ti m e of Ûight (TOF)
spectrom eter for instance. The com parison of energy spectra of neutra l scattered
parti cl es wi th ion scatteri ng spectra woul d pro vi de inf orm ati on on neutra l izati on.

Energ y lossesup to 1 keV were found, sim i lar to tha t for the sing le crysta l
surf ace and MBE (111) Ùlm surface of m agneti te. Such a large energy lossfor small
angle sym m etry has been well expl ained in the fram ework of the zigzag col l isions
of ions from the semi-channel surface (see e.g. Ref. [12]). The channel height in
thi s case, i .e. for the (100) m agneti te surface, is 1 ¡A.

Fig. 5. Temp erature dependence of the energy spectra of 5.0 keV N e+ ions scattered
from MBE Fe3 O 4 (100) Ùlm surf ace at grazing angles. For clariÙcati on of the minima

and maximum, results w ere shown by smoothed curves through the data points.

No change in the positi on of the scatteri ng peaks wi th temperature was
observed. Ho wever, a strong tem perature- dependence of the peak intensi ty was
found. Fi gure 5 shows the tem perature dependence of the energy spectra of ions
scattered from MBE Fe3 O 4 (100) Ùlm surface under 5.0 keV Ne+ ion bom bard-
m ent. A decrease in the peak intensi ty around 100 K and then again around 125 K
wa s found. Ab ove these tem peratures, it increasesand reaches a m aximum around
135 K and then gradual ly decreases wi th increasing temperature. Such a tem per-
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Fig. 6. Temp erature dep endence of the scattered ion yield, R
+

( T ) , for 5.0 keV ( ),
5. 5 keV (f ull triangle), 6.0 keV ( £ ), and 6. 5 keV ( 4 ) N e+ ions scattered from MBE

Fe3 O 4 (100) Ùlm surf ace. Solid curves serve to guide the eyes.

ature e˜ect on the scattered ions in thi s tem perature can be seen clearly in the
R + ( T ) curves, as shown in Fi g. 6. Two minim a, one located around 100 K and
the other one at around 125 K, were observed for the R ( T ) curves obta ined at the
bom barding energy of 5.0, 5.5, and 6.0 keV. The scattered ion yi elds decrease by
about 20% of m agnitude at the m inimum. Ab ove 150 K, they were almost constant
wi th tem perature. For the 6.5 keV Ne+ ion bom bardm ent, onl y one deep minimum
exi sted at around 100 K. Mo reover, a bigger decrease in the scattered ion yi eld, by
twi ce of magni tude at the mini mum, at the tra nsi ti on point was observed. Tho se
anom alies were certa inly related to the Verwey tra nsiti on of MBE Fe3 O 4 (100)
Ùlm surface. The stro ng e˜ect of MIT on the ion scatteri ng from such a surface,
sim i larly to other inv estigated surf aces of m agneti te, have been consi dered as the
resul ts of:

1) the change of the neutra lizati on probabi l i ty of incom ing and outg oing
ions,

2) the change of the crysta l tra nsparency, and
3) the existence of the so-cal led ionizing tra jectori es, i .e. tra jectories along

whi ch the parti cles becom e re- ionized (i n other words, ion tra jectori es conta ini ng
ioni zing col l ision).

The last one was found to play an importa nt ro le in the phase tra nsi ti on
region. A very narro w choice of ionizi ng tra jectori es was found in case of the small
angle geom etry . Any smal l inÛuence on such a narrow group of ion tra jectori es can
cause a large change in the scattered ion yi eld [12].
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The character of the tem perature- dependent scattered ion yi eld curve of the
Fe3 O 4 (100) Ùlm surface at the same bombarding energy di ˜ers from tha t of the
(111) one. For both surfaces, however, we have observed the changeof the character
of the R + (T ) curve at hi gher pri m ary energies. Na m ely, for the (111) Ùlm surface,
onl y one bro ad m inimum in the R ( T ) curves around 125 K wa s observed at low
energies. Under the 6.5 keV Ne+ bom bardm ent thi s minimum has di sappeared and
onl y a very fast decrease in the scattered ion yi eld around 100 K wa s observed. For
the latter one (i .e. for the (100) Ùlm surface) two m inim a were found. Under 6.5 keV
Ne+ ion bombardm ent onl y the minimum around 100 K wa s left. Thus the change
of the character of the ion scatteri ng v ariatio n wi th tem perature was indi cated
by the di sappearance of the mini mum around 125 K. D etai led analysis of ion
scatteri ng from the (111) Ùlm surf ace has shown tha t the character of the scattered
ion yi eld curve is dependent on the velocity of the incom ing ions, indi cati ng tha t
the neutra l izati on from the resonant and Aug er processesplays an importa nt ro le
[13]. The exi stence of the mini mum in the energy spectra and the di sappearance
of the high- tem perature mini mum in case of 6.5 keV Ne+ ion scatteri ng from the
(100) Ùlm surf ace has given a further pro of for such a neutra l izati on e˜ect. For basic
neutra l izati on m echanisms the probabi l i t y of remaini ng as an ion is [19] P ion =

exp ( À A= a V
?

) , where V
?

i s the component of the ions veloci ty perpendicul ar to
the surface. A and a are param eters dependi ng on the speciÙc process. Thus the
loss of ions f rom the ul ti m ate scattered signal is proporti onal exponenti al ly to the
reci procal of ? . In case of the smal l -angle geom etry , where the perpendi cular
component of the vel ocit y, ? , is smal l , the rem aining-ion probabi l i t y should be
very sensiti ve to the change of such a component. An increase in the ion vel ocity
im pl ies an increase in the remaini ng- ion probabi l i ty. Such an increase can cause
the disappearance of the minimum at 125 K for both two thi n Ùlm surf aces.

The pri m ary tem perature dependence inv estigati ons of the tunnel ing spectra
of the MBE Fe3 O 4 (100) thi n Ùlm have revealed a wi dening of the gap at 55 K,
i .e. at tem perature lower tha n the Verwey tem perature deÙned from other experi -
m ents. The ion scatteri ng experim ent on such a surface has revealed a large e˜ect
from the Verwey tra nsi ti on. Nam ely, two m inim arespecti vely at around 100 K and
at 125 K were observed in the tem perature dependence of the scattered ion yi eld,

+ ( ) . The disapp earance of the high- tem perature minimum under 6.5 keV Ne+

ion bom bardm ent wa s an evidence of the character change of the + ( ) curve,
whi ch can be expl ained in the fram ework of the resonant and the Aug er neutra l-
izati on.
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