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Induced V and reduced Fe moments at the interface of F¥(001) superlattices
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Fe,/V,, superlattices witm=2,4 andm=2,4,5 are studied by vibrating sample magnetometry and x-ray
magnetic circular dichroism measurements. The combination of both techniques allows us to determine abso-
lutely the induced V magnetic moment per atom. The samples with the thinnest V or Fe layers, respectively,
reveal the largest induced moment mof,= —1.1ug/atom (Fe/V,) and the strongest reduction of the Fe
moment down tang.= 1.34ug/atom (Fe/Vs). In addition, we probe the orbital magnetism of Fe and discuss
it with respect to previous results by ferromagnetic resonancdiestrinciplescalculations.
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The evolution of film-preparation methods has, nowadaystules to the V XMCD has drawbacks discussed in Ref. 17. To
made it possible to grow high quality single-crystalline epi-tackle this problem we measured the total magnetization of
taxial metallic superlattice&SL's). A characteristic example the samples by a conventional magnetometry, namely vibrat-
is the Fe/V SL's on Mg@01): The exceptional structural ing sample magnetometySM), and subtract the Fe mag-
and magnetic homogeneftilave been recently demonstrated netization. Thus, unlike previous works we were able to de-
for this system. Such SL's are used as prototype systems termine the V magnetic moment absolutely, i.e., no
investigate the rich variety of phenomena in multilayer mag-experimental standard for V is needed in the present work.
netism: The reversible tuning of magnetic exchange couplindhe outcome is a Fe magnetic moment, which is strongly
using hydrogehand the optical constants of Fe via resonantreduced at the interfacand a V magnetic moment, which
magnetic scatterifgvere probed for Fe/V SLs. The separa- could be as high as 1.4 /atom at the interface. Both mo-
tion of spin and orbital magnetism via the investigation of ments depend on the SL compositidin) The second target
the spectroscopic splitting-tensor® was achieved. More- is to compare results for the orbital magnetism of Fe from
over, layer-dependent distribution of large induced V mo-the only two techniques that can measure it in thin films,
ments extending up to 4 monolayeifélL) away from the namely the XMCD and ferromagnetic resonageMR). The
interface were reporte.However, the latter subject ap- results are discussed with respect fost principles
peared to be controversial: Theoretical wdrk8 found  calculationst® Both experiments and theory deduce the same
much smaller V magnetic moments, by a factor 2—4 dependiends, i.e., enhanced orbital contributions as the Fe film
ing on the crystallographic direction, localized directly at thethickness decreases to the ultimate limit of 2 ML.
interface. In addition, experimental works revealed either no The single-crystalline SL's of Fe{@01) on MgO(0021)
reduction of the Fe interface magnetic montéhtor even a  have been prepared at 600 K in a three-source ultra-high-
sizable reductiol? at and beyond the interface, the latter in vacuum-based sputtering equipméitefore magnetic mea-
fair agreement with theof§7° The knowledge of the mag- surements to be carried out our samples were structurally
netic and structural properties at the interface are of particueharacterized by x-ray diffractioitXRD) experiments. In
lar interest since the spin-dependent electron scattering at thég. 1 we see the small-angle XRD spectrum for the/Ng
interface contributes to the properties of oscillatory interlayersample. Two Bragg peaks which are indicated by numbers
exchange, giant magnetoresistance and spin injettibh. and the small oscillations marked by an arrgWiesig
Therefore, it is crucial to know the moments of the ferromag-fringes reveal excellent reproduction in the repeat length
net as well as the induced moments of the nonmagnetic layand a well-defined total film thickness. The high SL quality
ers in the vicinity of the interface. is also supported by the presence of satellite diffractions

In this paper, we deal with the interface magnetism in(+1,—1) around the average interplanar spacing diffraction
Fe/V(001) SL's having two main targetgi) To quantify the  (0) in the high-angle XRD spectrum which is shown as an
Fe and V magnetic moments at the interface and investigati@set in Fig. 1.
their dependence on the SL's composition. For this reason, For the determination of the saturation magnetization hys-
we select (Fg/V,) SLs with very thin layersn,m=2 teresis loops were recorded along the easy axis of magneti-
—5 ML. This choice enables interface effects to be morezation in the film plane at 10 K by VSM. XMCD experi-
pronounced. The Fe magnetic moments are determineaients have been performed at the European Synchrotron
element-specifically via the x-ray magnetic circular dichro-Radiation Facility (ESRP in Grenoble on the 1D12B
ism (XMCD) by application of the so-called “sum beamline'® Element-specific spectra at the ; edges of Fe
rules.”®® On the other hand, the application of the sumand V were carried out at 10 K using the total electron yield
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FIG. 3. Normalized XMCD spectra at the, ; edges of Fe for
four samples as indicated &t=10 K andH=6 T.
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FIG. 1. The small-angle XRD spectrum and the high-angle
XRD spectrum(inse) for a Fe/Vs SL. Both spectra reveal the
high SL quality of our samples.

(TEY) detection mode. The recorded spectra were take6\?\:)euesnelj(%;rilrcri]e\/n£_olrlnents In agreement with theory and pre-

along the hard axis of magnetization, i.e., normal to the sur- Now we turn to the investigation of the magnetic mo-

face plane. In this geometry satgra.uon effétta the TEY ments of Fe by means of XMCD. To calculate magnetic mo-
can be ruled out. Large magnetic fields up to 6 T were ap-

. . . ments of Fg mg, (Ref. 21] in our samples we applied the
plied for complete magnetic saturation of the samples.Khe o, "\ od516 The detailed procedure of the analysis of ex-
vector of incident circular light was parallel to the applied

field. The degree of circular polarization was 85%. Theperimental spectra for the transition elements with the help

; : . " “of the sum rules is well establishé¢see, e.g., Cheat al,?
XMCD was measured in two ways _by Inverting the hel'c'ty Srivastavaet al?® and references therginThe analysis of
of the light and by reversing the direction of the magnetic

y e ) . X . the Fe reference sample, i.e., 40 nm Fe/N@@), leads to a
Ilr(:%sli\lno igg'?l_'gl\{n;gg;et:ic;gi?;ggoyvgi ']% S:]ed dt:Chtrhoi;CCSr%ig_total moment which is within 6% the literature value
9 PP y [2.22ug for bulk Fe (Ref. 24] using a value oh,=3.4d

check. . . .
. holes per atond? In Fig. 3 we show the dichroic spectra of
The normalized XMCD spectra at the Fe and.)/; edges Fe in E%/Vm with n/r?w=4/2,4/4, and 2/5. The sp%ctra for

icg dtir(]:Ztng ; \r/12ir?(;_jcgcrjergfgpliz)'t/iidn:grigﬁtzA-Irtﬂgu\g/;r?ﬁﬁgtr\l/ﬂlj]i-':e/v Sl's are compared to the one of the reference sample.
chroism effect is small as the enlargement factat15” re- The XMCD amplitude is approximately proportional to the

veals, the spectrum is free of noise and of higher quality withFe average magnetic moment in our samples. The XMCD

) ; - 4 signal of the Fg/V, sample reveals only slightly smaller
respect to previous onésThis enables a detailed analysis of - i
the V XMCD and will be published elsewhere. However, themtensmes compared to the bulk Fe reference sample. In con

: . . ast, the signal of FEgV5 is reduced strongly at thie; and
V dichroism reveals a complicated shape due to the smaﬂ1 0 0 . .
spin-orbit splitting of the initial » core levels of 7.7 eV e, edges by about 35% and 45%, respectively. This in

: . . dicates a reduction of the Fe magnetic moment and an en-
only. This leads to a remixing of spin components of the ) : : ) .
S hanced ratio of the orbital to spin moment as will be dis-
2p3p and 2pqp, states. Consequently the application of the

sum rules is more complicated for the V case. The dichroisrﬁzus’seoI below. Our results show that the average magnetic

of V and Fe reveal opposite onsets in signarked by the moment per Fe atormg, (see Table)lis strong_ly mfluenceq
S L ; . by the numbers andm of Fe, and V,, layers in two ways:
arrows in Fig. 2 indicating an antiparallel alignment be-

(i) By decreasingh and keepingnm constant, the moment of
Fe reduces(ii) By increasingm and keepingh constant, a

z [ L T ' ] sizable reduction larger than 20% of the Fe moment is de-
g LOf x15 L ] duced. Both trends were also observed in Ni/Pt multilagers.
f-; 0 O'V T Lz/\v_\ 2 ] The Fe moment reduction supports theoretical calcula-
8 r Fe l ] TABLE |. Total magnetic momentn,,; measured by VSM and
E -1.0p L ] normalized to the number of Fe atoms only, Fe mormrapt by
5 r Fe./V 1 XMCD and V momenin,, obtained as explained in the text. Typical
o -2.0f 472 1 error bars by the VSM and XMCD technique are in the range of
£ r ] 5-10%
= .
g -3.0f ) . ) ]
= 510 520 700 720 Sample Mot (g/atom) me. (ug/atom) my (ug/atom)
Photon Energy (eV) 40 nm Fe 299
FIG. 2. Normalized XMCD spectra at the ;edges of Vand Fe  (Fe,/V,)g 1.59 2.12 -1.06
for a Fe /V, superlattice. For better illustration the V dichroism has (Fe, /V,) 45 1.28 1.70 -0.42
been multiplied by 15. The directions of the Fe and V magnetizationFe, /Vs) s, 0.67 1.34 -0.27

are indicated by the arrows.
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FIG. 5. The orbital and the spin moment for three superlattices

FMR (Ref. 6. Note that the FMR data were recorded on am,/mg (open circleg determined byg-tensor measurements
“Fe;/Vs” which was in reality a Fee/Vs sample and therefore i3 FMR 56 Since FMR is not element-specific, it provides
showed a larger orbital contribution. Theoretical calculations are;, averaged, /m value for the entire sample (Fe). Due

R .

given as open squaréRef. 18.

tiond1° and a previous experiment for féV,, SL's

to the antiferromagnetic coupling between Fe and V, the spin
moments of Fe and V are antiparallel but the orbital mo-

ments are aligned in parallel. This means that for FMR mea-
surement the spin moments partially cancel out and the or-

with m=5-10 ML.*> Moreover, here we demonstrate a pital moments add up. Hence the ratio probed by FMR is
clear influence of the sample composition on the Fe magnetigpparently larger than the one of Fe probed by XMCD as
Fig. 4 reveals. The same trend for the enhancement of the

Now we discuss the determination of the V- moments. V istotal ratio is determined bfirst principlestheoretical calcu-
nonmagnetic in the bulk. Therefore, the V. XMCD spectrajations (open squares?®

from FeV alloys of known concentration and magnetic mo-

moment.

ment were previously used as a refereticelowever, the

In order to understand the origin of the enhanogdmg

at the ultrathin Fe limit, we separateg from mg. Figure 5

determination of the V moment following this procedure is reveals that within the error ban, reduces at the ultrathin
questionable_. F<_)r this_ reason we preferred to measure thgyit by 40%, while m, stays constant. This suggests that
total magnetization with VSM and subtract the Fe momeniypridization at the interface appears to affect stronger the
yielding absolute values for the V. moments. In Table | wespin moment than the orbital one. It is well known that at the

show the average total magnetic momenmt,,=mg.+my

ultrathin limit there is a significant unquenching of the or-

per Fe atom from the VSM data and the average magnetigjtal moment, see, e.g., Refs. 26 and 27 and references

moment per V atonm,,. The negative sign ofn, indicates

therein. Therefore, the constant orbital moment could be

that V couples antiparallel to Fe in agreement to the sign ofnterpreted as the outcome of a competition between a nega-

our spectra, see Fig. 2. As was discussed above for Fe, theqi{e (hybridization and a positive(unquenching ofm)
moments also seem to depend on the SL composition. Th&gntribution.

maximum induced V moment, = —1.06ug/atom is ob-

tained by intercalating very thin V layersn=2) between

In conclusion, by combining an element-specific and a

conventional magnetometry we deduce absolutely the Fe and

thicker Fe onesr{=4). Such a large induced moment cannotthe \/ magnetic moments in Fe(®01) superlattices with

account for perfectly sharp Fe/V interfacesfiast principles
calculations revea.However, they are consistent withy,

very thin Fe and V layers. We can evidence an unambiguous
reduction of the interface Fe moment, in agreement Virigh

values measured in similarly prepared SL's with ultrathin V principlescalculations. We deduce considerable V moments,
layers* and may indicate some intermixing at the interfate. coupled antiparallel to Fe. We have demonstrated that both
By increasingm the V moment decreases considerably.Fe and V moments at the ultrathin limit depend on the su-
Moreover, by keepingn almost constant, we observe a de- perlattice composition. Separation into spin and orbital mag-
crease ofmy when the Fe thickness is decreasing. The netic moment contributions is provided and the results are
induced V magnetic moment seems to scale with the one afiscussed with respect to ferromagnetic resonance experi-

Fe (see the last two rows of Table. |

to-spin momentm|/ms.21 Note thatn, and the degree of |ayer thickness.

( _ _ ~ments and recerfirst principlescalculations. Enhanced or-
Our second target is the analysis of the ratio of the orbitalpijtal over spin magnetism is revealed by decreasing the Fe

circularly polarized x rays do not enter into the analysis of
the ratiom,/mg. The results for Fe determined by the use of
the sum rules are denoted by full circles in Fig. 4. We find aedged for their technical assistance and the ESRF staff for

systematic enhancement of; /mg by going from the bulk
towards the thinner Fe layers. For the, Pés sample this

A. Tagliaferri, P. Ohresser, and K. Larsson are acknowl-

enhancement is about 100%. In the same figure we givESRF.
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