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Direct probe of interdiffusion effects on the induced V spin polarization at FeÕV interfaces
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X-ray magnetic circular dichroic measurements have been performed at room temperature at the VL2,3

edges on Fe/V/Fe~110! trilayers to determine the induced V spin polarization. Contrary to similar studies on
magnetic multilayers, the sample preparation and characterization were performed thoroughlyin situ under
ultrahigh vacuum conditions. This allowed us to modify the interfaces by tuning the deposition temperature
and to probe directly the influence of interface quality on the induced V moments. The magnitude of the
induced V moment increased by about a factor of 2 upon changing the deposition temperature from 300 K to
600 K. Comparison withab initio calculations and with spectra of FeV alloys suggests that alloying at the
interface results in the formation of large induced V moments.
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Induced magnetism in bulk materials has received so
interest in 1960s and 1970s due to progress in magn
moment determination techniques based on nuclear phy
see, for example Refs. 1–3. Recently, the subject has b
revitalized and transferred to the field of magnetic interfa
owing to developments in thin-film deposition techniqu
under ultrahigh vacuum~UHV! conditions and experimenta
methods with element specificity and monolayer~ML ! sen-
sitivity such as the x-ray magnetic circular dichrois
~XMCD! and x-ray magnetic scattering. Indeed, eleme
specific studies during the past ten years have probed
siderable induced magnetic moments at the interface4,5

have allowed for constructing magnetic-moment profiles,6–9

and have revealed extraordinary effects such as the app
breakdown of the third Hund’s rule.10 A fundamental ques-
tion that still remains open is the effect of interdiffusion o
the interface magnetic moments. This is, however, of gr
importance if one compares experimental with theoret
results. Frequently, quite different values of the interfa
magnetic moments have been measured with respect tab
initio theoretical predictions. Two characteristic examples
~i! the Ni moments at the Ni/Pt~111! interface, where experi
ment revealed by a factor of 2 reduced Ni moments as c
pared to theory,9 and ~ii ! the V moments at the Fe/V~100!
and the Fe/V~110! interface, where the experimentally d
duced V moments are at least a factor of 2 larger than
ones theory predicts.7,11 The observed discrepancies we
considered to occur due to intermixing at the first 1-2 int
facial atomic layers.12–16However, to the best of our knowl
edge, no direct probe of the effects of atomic intermixing
the interface magnetic moments exists and the theore
considerations remain still hypothetical.

In this work we demonstrate directly the influence of i
terdiffusion on the induced V spin polarization at Fe/V inte
faces in terms of polarization range and magnitude of m
netic moments. For the determination of the V magne
moments, we have analyzed the relation between th
XMCD and the magnetic ground-state properties in a pre
ous work.17 To probe directly the effects of interdiffusion, w
have circumvented the conventional process for the dete
nation of the induced magnetic moments in layered str
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tures. Usually, one prepares magnetic multilayers or su
lattices under UHV and caps them with a protective lay
Then, these samples are removed from the UHV cham
and measured at a synchrotron radiation or neutron so
facility. The optimum deposition rate and/or temperature
the highest quality samples is selected by comparing m
sured with calculated x-ray-diffraction spectra. However, t
method cannot accurately discriminate between interdi
sion and roughness, see, e.g., Ref. 18. Moreover, for prac
reasons, one cannot vary the deposition parameters in o
to modify in statu nascendithe interfaces and inspect th
outcome of this variation on the magnetic moments. On
contrary, the great advantage of working thoroughlyin situ is
that one can control the growth and interface quality step
step and monitor the resultant magnetic moments. We s
ceed in a direct observation of the influence of interdiffusi
on the magnitude of the induced V magnetic moments in
prototype system Fe/V/Fe~110!.

Fe/V/Fe~110! trilayers were grown on a Cu~100! single
crystal via evaporation from high-purity rodsin situ under
UHV conditions (pbase;2310210 mbars). The Cu surface
was prepared by several cycles of Ar1 bombardment and
annealing to 900 K. First, a thick Fe-buffer layer~thickness
d;50 ML) was deposited and then annealed softly to 4
K.19 Low-energy electron-diffraction spots showed
bcc~110! structure. Scanning tunneling microscopy~STM!
images for the~a! as deposited and~b! annealed Fe-buffer
layer in Fig. 1 confirm that by soft annealing at 450 K th
surface roughness reduces dramatically, see the corresp
ing line scans. On the annealed surface one may see at
cally flat terraces with a broadness of about 15 nm. T
recipe of first evaporating a layer, then annealing to decre
surface roughness, and then reevaporating the next laye
been introduced to produce the highest interface quality w
minute amount of interface atomic exchange.20 However,
this type of growth is practically impossible to be employ
in conventional multilayers, mainly due to time limitations
the fabrication process.

In order to study the influence of interface quality on t
induced V moments we prepared two series of trilayers w
variable thickness of the V spacer layers between 1 an
©2003 The American Physical Society01-1
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ML. The deposition rates for V and Fe were 1 Å per minu
For the first series the V spacer and the top Fe (dFe
55 ML) films were successively deposited at room te
perature~300 K! without further annealing. This reduce
atomic exchange processes across the Fe/V interface.
STM image~c! indicates that the growth of V on top of th
annealed Fe buffer enhances slightly the surface roughn
However, the arithmetic mean roughness for 3 ML V
Fe~110! is 0.09 nm and, thus, comparable to the one of 5 M
Ni/Cu~100! for which a layer-by-layer growth up to 5 ML is
well established.21 Since interfaces in our trilayers are atom
cally flat, any effect of roughness on the interface mome
may be neglected. By eliminating the roughness, we s
with one free parameter concerning interface quality, i
interdiffusion. In our experiments we were able toswitch on
interdiffusion effects by raising the deposition temperat
from 300 K to 600 K for the second series of trilayers. T
thickness calibration was done via Auger electron spect
copy and the Fe/VL2,3 edge jumps of the x-ray absorptio
spectra~XAS! and cross-checked with the STM study.

All samples were investigatedin situ, i.e., no capping lay-
ers were needed and, consequently, no oxygen contamin
hindered the measurement of the V XAS in the full requir
energy range. The data were taken at the third genera
synchrotron radiation facility of Berlin~BESSY II!. The
XAS spectra were measured at theL2,3 edges of Fe and V
using the total electron yield detection mode. The degree
circular polarization was 90~1!% and 85~1!% for the V and
Fe L2,3 energy range, respectively. The XMCD spectra w
carried out by reversing the magnetization of the samp
with an electric pulse driven coil and alternatively by inve
ing the helicity of the x rays. Hence, this cross-check c
rule out artificial magnetic backgrounds in the magnetic

FIG. 1. STM images illustrate the step-by-step preparation
the trilayers grown at 300 K~a! 50 ML Fe~110! as grown on
Cu~100! and ~b! after annealing softly to 450 K.~c! Deposition of
3.0 ML V on the Fe~110! buffer. ~d! Topographic view for~a!, ~b!,
and~c! via representative line scans. In~c! the steps are 1 ML high
as expected for layer-by-layer growth.
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chroism. The easy axis of magnetization of the Fe/V trilay
is in plane along the@001# Cu direction. Therefore, the
samples were measured under 20° grazing incidence of
light and, consequently, the Fe and V XAS spectra w
corrected for self-absorption effects. The samples w
probed at magnetic remanence. The Fe layers exhibite
magnetization equal to the bulk value17 ensuring that the
remanent magnetization can be safely translated into m
netic moment per atom units. Note that the spectra prese
here~normalization of the edge jump to unity! correspond to
parallel alignment of the photon wave vector and the m
netization, and 100% degree of circular polarization.

In Fig. 2~a! we plot the vanadium XMCD spectra at th
L2,3 edges for the series of samples grown at 300 K. T
overall line shape of the XMCD spectrum and its relation
the V ground-state spin and orbital moments have been
cussed in detail with the help of theory elsewhere.17 To de-
termine the V magnetic moments we have evaporate
Fe0.9V0.1 alloy for which the V moment is equal to
0.99mB /atom according to Ref. 17 and, independently,
measurements based on polarized neutrons.22 Clearly, the
XMCD signal, which is proportional to the total V magnet
moment, decreases with the V spacer thickness. Compar
of the V spectra for the alloy and the Fe/V2 /Fe trilayer re-
veals that the interface V moment should be of ab
0.5mB /atom, see Fig. 2~a!. In Fig. 2~b! we plot the corre-
sponding V spectra for the series of samples grown at 600
One may notice the large increase of the V moment for
Fe/V2 /Fe trilayer. The magnitude of the induced V mome
approaches the value of V in the alloy. Interestingly,ab initio
calculations for the Fe/V~110! interfaces predict such a larg

f

FIG. 2. Vanadium XMCD spectra in Fe/V/Fe~110! trilayers
grown at~a! 300 K and~b! 600 K. The thickness of the V space
layers is indicated by an index. A spectrum for V in a Fe0.9V0.1 alloy
with an induced V moment;1mB /atom is included as a referenc
in both datasets.
1-2
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increase of the interfacial V moment as we move from
ideal ~nonmixed! to the diffused Fe/V interface.15,22

In Fig. 3 thickness-dependent integrated V magnetic m
ments in Fe/V~110! trilayers deposited at 300 K~closed
circles! and at 600 K~open squares! are plotted. This type of
plot has the advantage of revealing whether the inte
atomic layers of V are magnetized or not: if the integrate
moment curve does not saturate then also the internal la
are magnetized. The large difference in the magnitude of
V induced moment which is exhibited in Figs. 2~a! and 2~b!
between the trilayers deposited at 300 K and 600 K is a
reflected on the datasets of Fig. 3. The curve for the trilay
deposited at 300 K approaches very fast the saturati
(;3 ML). This suggests that the inner layers contribu
much less to the total V moment than the interface V laye
and the induced V moment is mainly located at the interfa
This observation of a ‘‘short-range’’ V polarization is ex
pected fromab initio calculations.15,23 Moreover, the slight
deviation of the monotonous increase of the integral mi
be due to small variation of the V moments of the interfa
and the inner layers with the total V thickness. Indeed, t
oretical calculations found such variations in the lay
resolved moment profiles of V with the thickness.15,11 How-
ever, these variations are small with respect to the magni
of the induced V moments. Hence, the theoretical curve
the ideally sharp interfaces~solid line! is practically constant
with small oscillations as a function of the V thickness. T
main behavior of the integral curve, i.e., the short-range
larization of V, does not change upon interdiffusion at t
Fe/V interface in the theory. The dotted curve correspond
calculation where the Fe and V interface layers are mode
as a single intermixed interface layer and termed as ‘‘d
fused’’ interfaces.23 Direct comparison with our datase
manifests that the current deposition on atomically
Fe~110! terraces at 300 K leads to integrated V magne
moment curves similar to the ones expected for almost id

FIG. 3. Thickness dependence of the integrated V magnetic
ments in Fe/V~110! trilayers grown at 300 K~closed circles! and
deposited at 600 K~open squares!. Contrary to theoretical calcula
tion that expect a short-range spin polarization of the integrate
moments for perfect~solid line! as well as for diffused interface
~dotted line!, a long-range spin polarization~dashed line! of V in
Fe/V~100! superlattices was experimentally deduced, see Refs
and 23.
14040
e

-

al
-
rs
e

o
rs

s,
e.

t
e
-

r

de
r

-

to
d

-

t
c
al

interfaces. However, the integrated-moment curve for tril
ers grown at 600 K~open squares! shows a considerable
increase. This result is consistent with an experimentally
duced dashed-line curve,11 which does not saturate, and
corresponds to the so-called ‘‘long-range’’ order polarizati
of V in Fe/V superlattices on MgO~001!. This term was used
to characterize the polarization of the internal V for at le
3–4 atomic layers beyond the Fe/V interface. Here, we de
onstrate on the basis of our experimental datasets that d
sition at 600 K results in the formation of more than o
interdiffused layers at the Fe/V interface. Furthermore,
deviation of the integrated moment forn56 ML of the 600
K deposited trilayers with regard to the Fe/V superlattic
reveal a reduction of the V spin polarization. The magne
moments of Fe in the intermixed layers reduce strongly w
increasing number of V neighbors15,16,23and, therefore, the
surrounding V atoms acquire smaller induced moments.
considerable decrease of the polarization forn56 ML sug-
gests that the V thickness is sufficient enough to separate
Fe-buffer layer from the top Fe layers.

The V magnetic moments at the interfaceI and at the
second inner V layer (I 21) given in Table I are deduce
under two approximations similar to the ones described
Ref. 9 for Ni/Pt~111! multilayers: both Fe/V interfaces in th
trilayers exhibit the same structural and magnetic proper
and the induced V moments depend only on the distanc
the layer to the Fe/V interface. Both approximations are j
tified for perfect Fe/V interfaces with regard to theoretic
calculations.15,23 The values of the V moments for the seri
deposited at 300 K are similar to the theoretical ones of R
15 and 23 deduced for the short-range V polarization. Si
the approximations for the layer-resolved moments beca
invalid for the interdiffused samples, the long-range polari
tion of V is an apparent one. The large V moments for t
interdiffused trilayers are close to the experimental on
shown for Fe/V superlattices grown on MgO~001!.7,11,16 In-
terestingly, the enhanced interface V moments and the lo
range polarization of V were probed in both series of sup
lattices grown at lower temperatures of 370 K~Ref. 7! and
higher temperatures of 570 K.11 Moreover, the induced V
magnetic moments as a function of the V-layer thickness
the ~001! and the~110! growth orientations were found to b
indistinguishable.7 At this point, one has to recall that Fe/V
superlattices deposited at temperatures slightly above r
temperature suffer from roughness.24 Therefore, we conclude
that roughness also results in the formation of large interf
V moments and long-range polarization profiles. In o

o-

V

11

TABLE I. Averaged and layer-resolved V magnetic momen
with regard to the interfaceI in mB /atom for the Fe/V~110! trilayers
grown at 300 K and 600 K. The negative V moments indica
antiparallel alignment between Fe and V. The errors of the abso

values m̄V are 10% and 15% for the 300 K and 600 K serie
respectively.

n m̄V mV(I )5m̄V(2 ML) mV(I 21)

4 ML ~300 K! 20.29 20.54 20.04
4 ML ~600 K! 20.63 20.98 20.28
1-3
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trilayers, though deposited at room temperature, we co
avoid roughness as we have demonstrated in Fig. 1.
may be understood by the fact that the trilayers are ultra
~2 nm or thinner! while superlattices are typically more tha
one order of magnitude thicker. Roughness is known to
crease with the total film thickness mainly due to kinetics.
it is easier to have an ultrathin trilayer with flat interfac
than a superlattice grown at the same temperature. Dep
tion of superlattices at higher temperatures, on the o
hand, leads to atomically flat layers and improves consid
ably x-ray-diffraction patterns.24 However, it has been con
sidered that the high-temperature deposition results in s
intermixing and, subsequently, to the formation of large
moments at the Fe/V interfaces.11,16 This has been directly
probed for the first time, to the best of our knowledge,
the present results; thein situ control of interfaces by tuning
the deposition temperature helped us in bridging experim
and theory. This demonstrates the effects of interdiffusion
the induced V spin polarization at the Fe/V interfaces.
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