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Magnetization of uncovered and V-covered ultrathin Fe(100) films on V(100)

H. Fritzsché
National Research Council Canada, SIMS, NPMR, Chalk River Labs, Bldg. 459, Chalk River, ON, Canada K0J 1J0

Y. T. Liu,™ J. Hauschild, and H. Maletta
Hahn-Meitner-Institut, Glienicker Strasse 100, 14109 Berlin, Germany
(Received 8 July 2004; revised manuscript received 8 October 2004; published 6 December 2004

We used polarized neutron reflectometBNR) to determine the absolute magnetic moment of uncovered
and V-covered Fe films in the thickness range from 0.3 to 5.5 nm. The films were prepared by molecular beam
epitaxy on a (100 buffer layer grown on a MgQ.00) crystal. The magnetic moment shows a linear depen-
dence on the Fe film thickness with a reducti@ompared to the Fe bulk valuef the magnetic moment
equivalent to 0.1 nm bulk Fe for the V-covered films and a reduction equivalent to 0.03 nm bulk Fe for the
uncovered Fe films. For the case of the V/Fe/V samples we observe a much smaller reduction of the magnetic
moment than reported for experiments on Fe/V multilayers. As theoretical calculations show a strong decrease
of the magnetic moment for an interface alloy we conclude that the larger reduction of the magnetization in
Fe/V multilayers is due to an increase in interface roughness with increasing film thickness. For the uncovered
Fe(100) films we find a much smaller reduction of the magnetic moment than in earlgtu PNR experi-
ments on \(110)/Feg(110 where we observed a reduction equivalent to 0.4 nm bulk Fe.
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I. INTRODUCTION reduced at the interface. The antiferromagnetic coupling of

The investigation of the magnetic moment of thin ferro-the V polarization was verified experimentally by spin-
magnetic films in contact with non-ferromagnetic materialsPolarized electron energy loss spectrosctpyyy spin-
has attracted the interest of many researchers over the la@@larized Auger electron spectroscdfyand x-ray magnetic
two decades. It is a challenging task from an experimental agircular dichroisn?:*>-*” Some authors even claim an oscil-
well as theoretical point of view because in many cases thétory behavior of the V polarizatiéfi but that has never
deviations from the bulk values are very small. Therefore, d€€en observed by other groups.
lot of measurements were not performed on single films The goal of the present work was to determine in a
but rather on multilayers to increase the magnetic signalstraightforward way the absolute magnetic moment of un-
There are only a few methods available which are capablgéovered and V-covered single €0 films in order to in-
of determining the absolute magnetic moment with an accuvestigate whether results from multilayers by averaging over
racy in the range of a few per cent of a Fe m0n0|ayer_ Bemany nonidentical interfaces should be taken to infer prop-
sides the magnetometry techniques like torsion oscillatiorerties of a single Fe/V interface. Therefore, we studied the
magnetometry® and alternating gradient magnetométry epitaxy of V and Fe in great detail in order to get films with
also polarized neutron reflectoméetfwas used to determine Smooth interfaces and high crystalline quality.
the absolute magnetic moment of thin films. The widely used
superconducting quantum interferenge de‘(B@_UID) mag- Il. SAMPLE PREPARATION
netometry suffers from the huge diamagnetic background
signal of typically used substrates. X-ray magnetic circular The most important issue in thin film magnetism is the
dichroism (XMCD) has become a very powerful tool be- preparation of a chemically clean sample of homogeneous
cause of its element sensitivity. On the other hand, ther¢hickness with a high crystalline quality. In the case of vana-
remains always the uncertainty of the applicability of thedium it is well-known that it is very difficult to clean V
sum rules. single crystald®2° Therefore, instead of using a V single

The vanadium atom has a magnetic momentof 81 its  crystal substrate we prepared a V buffer layer on top of a
ground state whereas the V bulk is nonmagnetic. The prediavigO(100) crystal by molecular beam epitaxiBE) using
tion of a nonmagnetic-magnetic transition by increasing thean electron beam evaporator. The MgO crystal was cleaned
lattice parametérshows that vanadium is not that far away in alcohol before it was introduced into the ultrahigh vacuum
from magnetism. This leads to the interesting questioqfUHV) chamber which was operated at a base pressure be-
whether a ferromagnetic film in contact with a V film could low 1071° mbar. The substrate was annealed for 20 minutes
trigger a magnetic ordering as well. The choice of Fe as that 900 K to remove contaminations from the surface and
3d-ferromagnet is logical because it also crystallizes in thehen checked by low energy electron diffractidEED) and
bcc structure which is a good precondition for epitaxial Auger electron spectrosCOgiES).
growth. The V buffer layer was evaporated at a rate of 0.01 nm/s

All theoretical calculatiorfs*? on the Fe/V system pre- at room temperature and had a thickness of 85 nm. To im-
dict an induced magnetization for the V interface antiferro-prove the crystalline quality the film was annealed at 700 K.
magnetically coupled to the Fe magnetization which itself isAs can be seen in Fig. 1 the LEED picture shows an oxygen
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g ' g i ; ' removed by sputtering before the preparation of a new

04 | 1
sample was started.
021 1
_:g 0.0 03 | 1 Il. EXPERIMENTAL SETUP AND METHOD
£ 02 . 1 All PNR experiments were performed on the neutron re-
o 04 ] flectometer V6 of the Hahn-Meitner-Institut in BerfiAThe
% ’ - e graphite monochromator was set to deliver neutrons with a
0.6 | . wavelength ofA=0.466 nm. The higher order neutrons with
wml % ] a wavelength of\/2, \/3, etc., were removed by a Be filter.
’ The neutrons were polarized by using an Fe-Co/Si supermir-
1.0 . s L . s . ror in transmissioR? The instrument has a vertical scattering
100200 300 400 500 600 700 geometry(the sample is mounted horizontglignd the mag-

energy (V) netic field is applied in the plane of the sample. For dixe

FIG. 1. AES data and LEED pattetas inset of a 85 nm thick  situ measurements we uséde pencil detectors mounted on
V buffer layer prepared on MgQO00) after annealing at 700 K for  the standard detector arm which moves by an anglié the
20 minutes. Please note the shift of the whole spectrum by 33 e¥ample is moved by an angle For thein situ measurements
due to electrical charging of the sample. we had to remove the standard detector arm along with the

electromagnet in order to clear the space for the MBE cham-
induced 5<5 superstructure. Turbaet al?! revealed that ber. Therefore, we used a Helmholtz coil arrangement for the
this LEED pattern is due to a superposition okb and 5  magnetic field and a stationary position sensitive detector to
X1 domains. After deposition of additional 3 nm V at room record the reflected intensity. More details on ihesitu
temperature we got an oxygen-free surface of high crystalsetup can be found in Nawratt al®
line quality as can be seen from Fig. 2. The LEED patternis For the case of neutron reflectometry the interaction of
more sensitive to oxygen contamination than the AES meaneutrons with a film can be described by the Fermi pseudo-
surement because the V and O peaks overlap and cannot petentialV*
resolved as two peaks. A quantitative measure of an oxygen- )
free surface is the ratio of the peak at 547 eV to the one at Vi= 2mh
506 eV. The oxygen-free surface results in a ratio of 0.25, m
whereas for an oxygen contamination the ratio is larger than
0.25, as can be seen in Fig. 1, where the ratio is 0.3. Thi
additional intensity due to oxygen is also reported in Refs. 1
and 21. In our case the whole spectrum is shifted to highe
energies by 33 eV due to electrical charging.

The Fe and V films were evaporated at a rate o
0.007 nm/s at room temperature. For tie situ measure-
ments all films were covered by a 10 nm thick V layer. For
the ex situexperiments we always used a new substrate fo
each sample, whereas for timesitu experiments we used the
same substrate crystal. In the latter case the Fe film w

p(bn % by, 1)

herem denotes the neutron magsthe atomic densityb,

e nuclear scattering length, ahg the magnetic scattering
ngth. The superscripts and — indicate that the scattering
potential is different for neutrons with their spins aligned
fparaIIeI(Jr, up-neutrongor antiparallel(—, down-neutrong

to the external field. The magnetic scattering length is di-
rectly proportional to the magnetization of the sample with
Pm:c,u, wherec=2.695 fm/Bohr magneton is a conversion
constant andu is the magnetic moment per atom. In the
agpecular reflection geometry the scattering vectok;—k;

IS perpendicular to the sample’s surface wkthandk; being
the wave vector of the reflected and incoming beam. There-

04} ' ' ' ' ' ] fore, perpendicular magnetization components do not con-
tribute to the potentiaV/.
02 — |1 The calculation of the neutron reflectivity is analogous to
2 00 025 1 the calculation of the Fresnel reflectivity in light optics. The
g 0 = ’ index of refraction for neutronsy is given by
02 | ~ |}
§ 2mV
g 04r T W=\ 1-"55, (2)
% . . Ak
-0.6 | 4 . . . .
with k=27/\ being the neutron wave vector in the medium
08 - ] where the reflection process takes place. Details on calcula-
10 , , , , , , tions of reflectivity curves can be found elsewh&é& We
100 200 300 400 500 600 700 used the software Parrat€82vhich is based on the recursion
energy (eV) formula developed by Parratt.
FIG. 2. AES data and LEED pattetas inse} of a 85 nm thick Contrary to X rays, the nuclear scattering lengghof

V buffer layer after annealing at 700 K for 20 minutes and evapo-Neutrons is not proportional to the atomic number. For some
ration of additional 3 nm V. Please note the shift of the wholeelements small or even negative scattering length density
spectrum by 33 eV due to electrical charging of the sample. values can occur like for V for whictpb,=-27.6 um2,
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whereas for other elements a large scattering length densit ' ' ' ' ' '
is observed as for Fe witpb,=+802 um™2. For compari-

son, the magnetic scattering length density of bulk Fe at
room temperature ipb,,=498 um—.

It is important to note that we cannot determine where the
reduction of the magnetic moment is exactly located, i.e., in &
the V interface layer or the Fe interface layer or in both. The-% 0.01 L
reason for that is that the deviation from bulk behavior is & ™

(]

confined to about two layers. The correspondingector of H
about 20 nm! is way beyond the accessibierange of the

0.1¢F

used reflectometer because of lack of intensity. Hence, with 1E-3 |
PNR we measure the averaged magnetic moment of the
whole film as in classical magnetometry. 4
0.0 0.1 02 0.3 04 0.5 0.6 0.7
IV. MAGNETIC MOMENTS OF THIN FILMS q@m")

The spontaneous magnetization is the basic property of a FIG. 3. PNR data of a 0.97 nm thick V-covered Fe layer on a
ferromagnet which distinguishes it from other materials. In88 nm thick V buffer. The Kiessig fringes for up-neutrolid
ultrathin films the absolute value as well as the temperaturéircles and down-neutrongopen circleg are clearly visible. The
dependence deviates from the bulk beha¥#iTherefore, it ~ Solid lines represent the fits.
is important to obtain experimental data in order to compare
to theoretical calculations. By assuming that the reduction is confined to the interface or

Bloch’s law describes the temperature dependence of theurface atoms only we calculate in the following sections a
magnetizatiorM(T) of a bulk ferromagnet far below its Cu- reduction per Fe interface atom. This can be easily compared

rie temperature, to theoretical calculations.
M(T) =M(0) - (1 -bT*?). (3) V. RESULTS
The spin wave parametdr describes the deviation of the A. V-covered Fe films

magnetization from the ground stai#(0). . _
Surprisingly, Bloch’s law describes the temperature de- As the scattering co.ntrast.betlween Vand .F-e Is very large
pendence of thin F&10) films2%-3very well in contrast to the reflected neutron intensity is very sensitive to a small

the linear temperature dependence predicted by the spfiount of Fe on V. This has been shog\évn already in earlier
wave theory233 PNR experiments on the V/Fe systetri®and can be seen

The magnetization of thin films with a thicknesscan in_Fig. 3, where the reflected intensity of an Fe film With a
generally be written as thickness oftg,=0.97 nm on a 88.3 nm thick V t_)uff_er is
shown. The reflected intensity of the up-neutrons is given by
o t= ppukc tF fsize Mint (4) the solid circles, whereas the reflectivity of the down-
neutrons is given by the open circles. The solid lines are the
fits. From the PNR fits we conclude a magnetic moment per
Be atom ofu=1.94ug which is considerably reduced from
the bulk value at room temperatdfef u=2.18ug per atom.
pN, As the V cap layer was exposed to air we must take into
M= L (50 account that it was partially oxidized consisting of a pure V
layer with a thin vanadium oxide layer. This vanadium oxide
where p denotes the densityy the mass number, anid, layer has a large scattering length density compared to V
=6.022x 1073, The size effecjfi,. accounts for the reduced because oxygen has a scattering length of 5.803 fm com-
magnetic moment due to the reduced Curie temperature gfared to V of —0.38 fm. Therefore, the separatioof two
thin films and shows a strong temperature dependence. Theaxima of the Kiessig fringé8is proportional to 1(ty sus
interface effecfu;, accounts for the change of the electronic +tge+ty captty203) With ty g, denoting the thickness of the V
structure at the two interfac&sand is virtually independent substrate layer ang .., the thickness of the V cap layer. For
on temperature. So, in order to distinguish between these twihe case of a pure V cap layAq would be proportional to
effects, it is inevitable to measure the magnetic moment as &/(t, s,,+tre) because the scattering length density contrast
function of temperature. between V and air is too small to show up in the Kiessig
We use Eq(4) in the following sections to fit our results. fringes. We also performed x-ray reflectomet®yRR) ex-
By plotting w-t versust the slope of the linear fit represents periments in order to confirm the fitted oxide layer thickness.
the Fe bulk magnetization and the intersection with the ordiWwithin the error limits the XRR and PNR data gave the same
nate represents the size and interface effect. The intersectiamlue for the thickness of the vanadium oxide layer.
with the abscissa yields the reduction of the total magnetic The thickness dependence of the magnetic moment, plot-
moment corresponding to exactly that thickness of bulk Feted as the magnetic moment per atom tirygsis shown in

where the magnetizatiop is given in unitsug per atom
which makes it easy to compare to theoretical papers. Th
relation to the magnetizatioM is simply
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FIG. 4. Magnetization values as determined from PNR are plot- FIG. 5. Magnetic moment of a 0.3 nm thick Fe film as a func-
ted as the product of the magnetic moment per atom times the Féon of temperature. The dashed line is a fit according to (&y.
film thicknesstg. The solid circles are from experiments at 295 K, With Tc=(398+45 K.
the open circle is from measurements at 10 K, and the solid line is
a linear fit to the data fotge>0.4 nm. experiments. For thex situexperimentsAq is proportional

to 1/(ty sup* tret+ty capt tv2oa), Whereas for thén situ experi-
Fig. 4. The data fote,>0.3 nm show a perfect linear behav- mentsAq is proportional to 1{ty s,u+tre)-
ior with a slope 0f(2.14+0.02ug/atom and an intersection ~ The magnetic moment of the films also shows a linear
with the abscissa af,=(0.1+0.02 nm. The slope represents dependence ot as can be seen in Fig. 7. The value for the
the magnetization of bulk Fe and the intersection is proporslope is(2.14+0.04ug/atom and the intersection with the
tional to the surface and size effect. From the intersection iabscissa is ate.=(0.03+0.06 nm. The slope representing
is easily calculated that the magnetic moment of the sampletie magnetic moment of bulk Fe is the same as for the
is reduced by an amount of magnetic moment equivalent ty-covered Fe films, whereas the reduction equivalent to
0.1 nm bulk Fe. Assuming that both interfaces are equal thi®.03 nm bulk Fe is much smaller than for the V-covered
corresponds to a reduction ¢0.75+0.05ug/Fe interface films. Assuming that both interfaces were equal this would
atom. correspond to a reduction d0.23+0.45ug/Fe interface

The reduction of the magnetization increases with deatom.
creasingg. and for the smallest Fe thicknegg=0.3 nm we
determined a magnetization @f=0.57ug/Fe atom. This VI. DISCUSSION
data point(solid circle in Fig. 4 is off the fit line inferred From Fig. 4 we can infer that the V-covered Fe films show
from the data points foti.> 0.3 nm. However, at a tempera- a total reduction of 0.1 nm bulk Fe magnetic moment or
ture of 10 K it is back on the fit lin€éopen circle in Fig. 4
with ©=1.28ug/Fe atom. The temperature dependent mea- T T T T ' T
surements for the sample witR,=0.3 nm are shown in Fig.
5. The dashed line is a phenomenological power law fit

)

=uo-|1-=— 6

= po T (6)
with  pp=1.28ug/atom, B=0.57+£0.12, and T¢
=(398145 K but we want to take it only as a guide for the
eye to get a rough estimate for the Curie temperature.

e
—_
T

0.01 |

reflectivity

1E3 £
B. Uncovered Fe films F

All in situ PNR experiments were performed at 295 K. A I ]
typical reflectivity curve obtained from situ PNR on a film B
with tge=2.36 nm is shown in Fig. 6. The reflectivity curves 0.0 01 02 03 01'4 05 06 07
of the in situ experiments look very similar to thex situ q (nm)y’
ones. The only difference is that te& situsamples have an FIG. 6. PNR data of a 2.36 nm thick uncovered Fe layer mea-
additional vanadium and vanadium oxide layer. Therefore, asuredin situ. The solid circles represent the reflectivity of up-
discussed above, the separatitg of two maxima of the neutrons, whereas the open circles represent the reflectivity of
reflectivity curve is larger for then situ than theex situ  down-neutrons. The solid lines represent the fits.
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multilayer experiments just average over Fe/V interfaces
with increasing roughness leading to a reduction of the mag-
_ netic moment in agreement with theoretical calculafidis
showing that alloying reduces the magnetic moment drasti-
cally. Therefore, also the temperature dependence of the
magnetic moment is qualitatively different from the behav-
ior shown in Fig. 5 for a single Fe layer.

1 Our results of a total reduction of 0.iz5 per Fe interface
atom is in perfect agreement with theoretical calculations of
_ Izquierdoet all® and Schwickertet al.® both predicting a
reduction of 0.95. Niklassonet al!! find a slightly higher
reduction of 1.Lg. All theoretical results show a reduced
magnetic moment for the Fe interface layer and a negative
polarization of the V interface layer.

Thein situ PNR data on uncovered Fe films show a total
reduction of 0.03 nm bulk Fe magnetic moment or Qg3
per Fe interface atom, assuming that the Fe/V interface and
Fe surface contribute equally to the reduction. However, tak-
are plotted as the product of the magnetic moment per atom time§'9 the ‘_’educe‘?' 0.78 reduction of the Fe/V interface from
the Fe film thicknes$-.. All experiments were performed at 295 K. the ex situdata into account we can deduce an enhancement
The solid line is a linear fit to the data. of (0.3£0.9ug for the free Fe surface. Unfortunately the
errors are quite large because of the lack of more data points

0.75ug per Fe interface atom at both Fe/V interfaces. This isoNn the one hand and the problem of subtracting two quanti-

only right under the assumption that both interfaces are iderfi€s of similar magnitude on the other hand. This leads to the

tical. However, they are not identical from a structural pointProblem that the error gets larger than the calculated value.

of view because the Fe starts with pseudomorphic growth oBUt despite this problem that the error bars are quite large we

the V substrate layer and relaxes with increasing film thick-definitely can say that the samples with a free Fe surface

ness towards the Fe bulk lattice constamthich is about 5% have a larger magnetic moment than the V-covered ones.

smaller than the one of V. On the other hand, the vanadiunfurthermore, the inferred value of Qg per Fe surface atom

on top of the Fe layer must adapt to the Fe lattice constaniS in perfect agreement with calculatididinding a total

Hence, both Fe/V interfaces are structurally different beincrease of 0.44g.

cause calculations done by Niklassenall! show indeed The reduction of the magnetic moment in the(Ta9)

that both the reduction of the Fe magnetic moment and th&lms is much smaller than in &10) films for which we

polarization of the V layer depend on the lattice parameterfound a reduction according to 0.4 nm bulk Fas already

However, these effects cancel each other and the sum @Pinted out by Izquierdet al* the most probable reason for

these two effects for a V/Fe interface with a specific latticethat huge reduction is a surface alloy at the interface between

constant is virtually independent on the lattice parametethe V(110) surface and the Fe layer. For these earlier experi-

what finally justifies our assumption that the total reductionments we used a (£10) single crystal which must be pre-

is equally distributed among the two V/Fe interfaces with apared by many sputtering and annealing cycles. So, it is con-

reduction of 0.7k per Fe interface atom at each interface. ceivable that the surface of the single crystal is rougher than
Our experimentally derived value of 0,25 reduction per  the surface of an epitaxial V layer on top of a smooth MgO

interface atom is in perfect agreement with the XMCD ex-Crystal.

periments of Tomazt al!® on V/Fe multilayers with a 11

monolayer thick V-layer revealing a total reduction of g7

However, these experiments show the reduction only in the VIl. CONCLUSION

V layer and claim bulk behavior in the Fe film. Our thickness

dependent magnetization data differ substantially from those We determined the magnetic moment of uncovered and

deduced from SQUID or VSM datd*®on V/Fe multilayers.  V-covered F€L0O0) films with PNR. The measurements on

For the case ofg.=0.3 nm the multilayer magnetization is the V-covered Fe films reveal a reduction of Qug5er Fe

only 0.66ug per Fe atom in contrast to our finding of 1,28  interface atom which is in good agreement with theoretical

per Fe atom. The measured Curie temperature of 200 K alspapers”1°We find a smaller reduction of the magnetic mo-

strongly deviates from our data which imply a Curie tem-ment than was found in V/F&00 multilayers earliet®4

perature of about 400 K. which is probably due to a higher interface roughness present
This substantial difference between Fe/V multilayers andn multilayers compared to single films. The additiomal

a single Fe film sandwiched between V layers is most probsitu PNR experiments show a much smaller total reduction.

ably due to interface roughness in the multilayers because By taking the value of 0.7hg reduction per Fe interface

is a general rule of epitaxy that the interfaces will never gelatom we can deduce an enhancement compared to the Fe

smoother with increasing film thickness, even for the caséulk value of the magnetic moment at the free Fe surface by

of homoepitaxy for, e.g., vanadidfthor iron** So, the (0.3+0.9ug per Fe surface atom.

10

pt . (n,/atomnm)
N

tFe (nm)

FIG. 7. Magnetization values as determined fromsitu PNR
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