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The effect of interface roughness on the induced polarization of V in polycrystalline V/Fe/V trilayers was
investigated with x-ray magnetic circular dichroism, x-ray resonant magnetic scattering, and polarized neutron
reflectometry. Trilayer samples were sputter deposited onto Si substrates at room temperature to minimize
interdiffusion. The films were polycrystalline and exhibited an average 0.5 nm root-mean-square interfacial
roughness at the Fe/V interfaces. The induced polarization found in V was constrained to the Fe/V interface
extending approximately up to 2-3 monolayers into the V and exhibited antiferromagnetic alignment to the Fe
layer. A magnetic moment for V ranging between —0.46 and —0.86 ug/V atom is consistent with the neutron
and resonant x-ray data. Notably, this value for structurally rough interfaces is significantly larger than that
reported for samples with atomically flat Fe/V interfaces.
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I. INTRODUCTION

Proximity effects leading to induced magnetic moments in
nonmagnetic thin-film layers in contact with ferromagnetic
films have attracted great interest over the last two decades.
In the particular case of V, it exhibits a magnetic moment of
3 up as a single atom in the ground state' but bulk body-
centered-cubic V does not order magnetically. Nevertheless,
V acquires an induced magnetic moment in proximity with a
ferromagnetic element. V polarization induced by proximity
to Fe has been extensively studied in multilayers grown on
MgO(001) (Ref. 2-6) and Cu(100) (Ref. 7) substrates, favor-
ing epitaxial growth with high-quality crystalline structure.
In the case of Fe/V multilayers deposited on MgO(001) sub-
strates, reports indicate that within a narrow deposition tem-
perature range, i.e., 573—600 K, high crystal quality with low
mosaic spread and sharp interfaces®® with very low interface
roughness values (~0.1 nm) were achieved. On the other
hand, significant interdiffusion and alloying was found at
Fe/V interfaces when the multilayers were deposited at tem-
peratures higher than 600 K.23® Scherz et al. (Ref. 2) studied
the effect of interdiffusion in Fe/V/Fe trilayers grown at
room temperature (RT) and 600 K. While no interdiffusion
was found for trilayers deposited at RT displaying atomically
flat interfaces, the formation of more than one interdiffused
layer at the Fe/V interface was observed upon deposition at
600 K, giving rise to a doubling of the magnetic moment of
V and also a larger spatial extent of V polarization. Accord-
ingly, a number of experimental and theoretical reports indi-
cate that Fe/V multilayers grown at temperatures lower than
600 K lead to the formation of an abrupt interface without
any diffusion in the Fe substrate,>!%1% due to the low diffu-
sion coefficient of V. In fact, experimental values for the
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diffusion coefficient D of V in Fe-V solid solutions in the
temperature range of 1112-1593 K have been reported and
the measured values follow Arrhenius behavior.!” Extrapola-
tion to RT yields D~ 10™*' c¢m/s for such a coefficient im-
plying that diffusion at RT is practically nonexistent.

In general, interdiffusion is understood as interchange of
Fe and V atoms across the interface and therefore indistin-
guishable from interfacial alloying, whereas roughness sug-
gests amplitude variations in the thickness of any given layer
without any interchange across it.3 In order to study the role
of roughness or interdiffusion on the induced magnetism of
V, it is important to discuss their origin. Interface imperfec-
tions can result from a variety of material and/or growth-
dependent mechanisms, and in turn can affect dramatically
the magnetic properties of the system. In fact during the
early research on oscillatory giant magnetoresistance and in-
terlayer exchange studies it was found that growth-induced
defects hindered these effects in molecular-beam-epitaxy-
grown Co/Cu(111) multilayers while they were fully devel-
oped in polycrystalline sputtered multilayers.'® This behavior
was attributed to growth-induced defects arising from
twinned islanding in epitaxial growth unlikely to occur in
polycrystalline sputtered samples. Polycrystalline interfaces
have an intrinsic roughness originating from differences in
monolayer step height for different growth orientations. Fur-
ther, roughness results from low adatom surface mobility and
typically dominates for deposition at lower temperatures and
therefore samples deposited at RT typically exhibit
roughness-dominated interfaces. In fact, this is a reason why
ion-beam-assisted deposition is an attractive methodology
for multilayer deposition with minimal interlayer diffusion in
a wide temperature range.'’

All the above mentioned reports study the V polarization
in atomically flat Fe/V interfaces with different degrees of
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interdiffusion. Nevertheless, the isolated effect of roughness
(in the absence of interdiffusion) on the induced polarization
of V in Fe/V interfaces has not been addressed yet. In order
to investigate this point, polycrystalline V/Fe/V trilayered
samples were sputter deposited on Si substrates. The films
were deposited at RT so that interdiffusion was significantly
minimized as discussed above. Furthermore, the substrate
and growth conditions used led to polycrystalline films with
moderate interfacial roughness of approximately 0.5 nm root
mean square (rms). Due to the small magnetic signal of the
polarized V arising from both Fe/V interfaces, a combination
of complementary experimental techniques, including x-ray
reflectometry (XRR), polarized neutron reflectometry (PNR),
x-ray magnetic circular dichroism (XMCD), x-ray resonant
magnetic scattering (XRMS), and superconducting quantum
interference device (SQUID) magnetometry were used in the
present study. The film layered structure was characterized
using XRR and its magnetic layered structure using PNR.
PNR provides chemical and magnetization depth profiles.
XMCD and XRMS provide element-specific magnetic infor-
mation, the latter with depth resolution. SQUID measures the
volume-averaged magnetic response. Our results indicate
that interfacial roughness significantly enhances the induced
V magnetic moment.

II. EXPERIMENT

V/FelV trilayers were grown on Si substrates via dc sput-
tering deposition in an ultrahigh vacuum system working
under a base pressure in the low 1077 Pa. The Fe and V
layers were deposited at RT with deposition rates of 0.22
nm/s for V and 0.4 nm/s for Fe. The thicknesses of the layers
were chosen to provide a significant fraction of V atoms in
close proximity to an interface.’ After deposition of the
trilayer, a 3-nm-thick Au cap layer was immediately depos-
ited at RT and with a rate of 0.4 nm/s to prevent oxidation.
The nominal film layer structure was Si/V(2 nm)/Fe(3 nm)/
V(2 nm)/Au(3 nm). Atomic force microscopy investigations
revealed a granular growth-mode characteristic of polycrys-
talline films with an in-plane correlation length?*2?! of
(100£9) nm, which replicates through the different inter-
faces as a consequence of RT deposition conditions and the
consequent low mobility of the incoming adatoms.

XRR measurements were performed ex situ using a stan-
dard four-circle diffractometer with Cu Ko radiation (E
=8.048 keV) at the x-ray diffraction facilities at LANSCE,
Los Alamos National Laboratory. PNR studies were also car-
ried out at LANSCE, using the Asterix polarized beam (po-
larization ~93%) reflectometer/diffractometer with polariza-
tion analysis. The neutron measurements were performed in
a 0.6 T field at RT. XRMS and XMCD measurements were
collected at the National Synchrotron Light Source beamline
XI13A. This beamline delivers elliptically polarized soft
x-rays in an energy range between 200 and 1600 eV. The
measurements were performed in a 0.5 T field at RT. The
circular polarization component (Pc~70%) is modulated by
switching x-ray helicity at frequencies close to 22 Hz. Mag-
netic circular dichroism (MCD), or the difference in sample
absorption measured with left and right circularly polarized
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FIG. 1. (Color online) In-plane SQUID loops for the V/Fe/V
trilayer measured at 30, 50, and 300 K given in magnetization per
unit area units (mA=10"* emu/cm?).

x-rays, provides element-specific magnetic data. The dc and
ac components of the modulated absorption provide simulta-
neous collection of the absorption and MCD signals, respec-
tively, in a single energy scan. The modulation technique
increases the sensitivity for detection of small magnetic sig-
nals such as the induced V polarization in the V/Fe/V trilay-
ers. Finally, magnetization measurements were carried out
using a SQUID magnetometer at temperatures from 30 K to
RT using in-plane magnetic fields intense enough to saturate
the sample.

III. RESULTS
A. SQUID magnetometry

The magnetization reversal and magnetic anisotropy of
the trilayered V/Fe/V sample was studied measuring hyster-
esis loops at 30, 50, and 300 K with SQUID magnetometry.
This technique probes the total magnetization of the system.
In-plane magnetic anisotropy is evidenced by the shape of
the in-plane hysteresis loops shown in Fig. 1. High in-plane
remanence magnetization values close to 100% were ob-
tained whereas a progressive decrease in the coercive field is
found as the temperature increases ranging from 6.5 mT at
300 K to 12 mT at 30 K. A 6.5% decrease in the saturation
magnetization M per area unit is found at RT compared with
lower temperatures with a value of (4.3*0.5) mA
[(43+0.5)x 10" emu/cm?]. The observed decrease in H,
and M with increasing temperature is expected for magnetic
thin films.?>23

B. XRR

XRR analysis provided a quantitative measure of the
thickness and chemical roughness of the different layers in
the trilayered films. Figure 2(a) shows the x-ray specular
reflectivity normalized by the Fresnel reflectivity (Rg
=167/ qi) obtained using Cu K« radiation. The high num-
ber and the sharpness of the oscillations suggest moderate
interfacial roughness. Figure 2(b) shows the scattering length
density (SLD) profile (continuous lines) used in the model to
produce the solid reflectivity curve in Fig. 2(a), along with
the convoluted roughness (CR) SLD profile (dashed lines).
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FIG. 2. (Color online) (a) X-ray specular reflectivity normalized
by the Fresnel reflectivity Rp=1672/ qi (dots) and corresponding
fitting (line), (b) SLD p profile used for the x ray fitting. Dashed
lines show the CR SLD profiles.

The reflectivity curve was calculated using Parratt’s recur-
sive formalism with roughness.>*? A measure of
goodness-of-fit,”® y2, was optimized by perturbing the thick-
ness and roughness parameters of the model. The fits yielded
a deviation smaller than 5% from the nominal thickness for
all the layers (Table I). The error bar reported in Table I
corresponds to the deviation of the parameter that increases
fourfold the minimum value of x? (i.e., a 2-¢ error bar). The
scattering length densities used in the model were fixed to
the bulk values as obtained from the literature.?’

C. XMCD and XRMS analysis

To clarify the extent and magnitude of the V polarization
at the Fe/V interfaces, XMCD and XRMS scans were carried
out.”® Element-specific spectra at the L, 5 edges of Fe and V
were obtained at different temperatures using fluorescence
detection mode. An in-plane magnetic field parallel to the
incident x-ray wave vector was applied. Measurements were
carried out by switching the helicity of circularly polarized
x-rays at each scattering vector and also for opposite direc-
tions of the applied field. Since helicity switching is equiva-
lent to magnetization reversal, this allows checking for ex-
perimental artifacts. In order to clarify whether or not V is
polarized at the Fe/V interfaces, dichroism measurements
were performed at the L, Fe and V edges with variable
in-plane magnetic fields in order to obtain element-specific
hysteresis loops. Figures 3(a) and 3(b) show element-specific
hysteresis loops for Fe and V measured at RT. As can be
observed, the loops exhibit opposite signs, indicating not
only V polarization but also antiferromagnetic coupling be-

TABLE 1. Thickness and upper interface roughness from the
x-ray specular reflectivity analysis and from the neutrons analysis.

Upper interface Upper interface

Thickness roughness rms roughness rms
(nm) (nm) for x-rays (nm) for neutrons
Au 2.86*+0.01 0.24+0.01 1.00*+0.04
\Y% 1.92+0.02 0.41+0.01 0.64*+0.05
Fe 29.5+0.02 0.3%+0.02 0.29+0.03
\Y% 2.0*0.1 0.62+0.04 0.6%+0.02
Si 0.27*+0.01 0.78+0.14
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FIG. 3. (Color online) Element-specific hysteresis loops, reflec-
tivity normalized by the Fresnel reflectivity, and asymmetry ratio
measured at RT at the (a) Fe and (b) V L edges. (c) Fe and V SLD

profiles considered for the fittings. Dashed lines show the CR SLD
and magnetization profiles.

tween Fe and V. It is worth noticing that both elements ex-
hibit the same coercive and saturation fields, indicating Fe
and V magnetizations are strongly coupled and directly re-
lated, as previously observed in Al/Co/V/MgO(100)
multilayers.29 Furthermore, coercive and saturation fields are
compatible with the SQUID observations at RT.

In order to investigate the location and extent of the V
polarization, XRMS reflectivity data were obtained at the Fe
and V L, 5 edges as a function of the scattering vector g,, as
shown in Figs. 3(a) and 3(b). Asymmetry ratio curves AR
=(I"-I")/(I*+I"), where (+,—) denote opposite x-ray helic-
ity, were obtained in each case. Interestingly, a nonzero
asymmetry ratio is found at the V edge, confirming the mag-
netic polarization of V. It is worth noticing that owing to the
low thickness of the films, the x-ray radiation is able to pen-
etrate the V/Fe/V trilayer and to probe both Fe/V interfaces.
The scans were fitted using the distorted-wave Born
approximation,3®3! employing structural parameters obtained
from XRR (Table I). The imaginary parts of resonant chemi-
cal and magnetic scattering factors were obtained from the
literature” with real parts derived from a differential
Kramers-Kronig transform. The interface roughness was
modeled using the Nevot-Croce approach.?> For Fe we used
resonant charge and magnetic scattering factors experimen-
tally obtained from a magnetically saturated Fe standard film
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whereas for V they were obtained from Ref. 7. Interestingly,
in our case the XRMS fitting indicates antiferromagnetically
induced V polarization at both Fe/V interfaces, extending
approximately 0.6 nm (~3 ML) into the V films, compatible
with the rms interfacial roughness. V magnetization is found
to be antiparallel to the applied field direction, which is par-
allel to the Fe magnetization, and this is consistent with the
XMCD results. While XRMS does not directly measure
magnetization in absolute units but rather yields relative
changes in element-specific depth-resolved magnetization,
the refined magnetic scattering factors can be placed in ab-
solute magnetization units by comparing with an appropriate
standard where the element-specific magnetization is known.
As previously mentioned, the magnetic scattering factors
used in the V XRMS fits were obtained from Ref. 7, where
an induced magnetic moment of 1.0 wg/V atom was mea-
sured on V/Fe multilayers using sum-rules analysis. These
magnetic scattering factors needed to be scaled by 0.54 in
order to fit the data, resulting in an estimated V magnetic
moment per atom in the polarized area of
(-0.54£0.15) wg/V atom. Figure 3(c) shows the Fe and V
magnetic-moment profiles employed to fit the XRMS curves.
The dashed lines show the convoluted roughness magnetiza-
tion profile. The total saturation magnetization calculated
from the XRMS model yields a net saturation magnetization
per area unit of 4.7 mA (4.7X 10 emu/cm?), value within
the error bar of the SQUID measurement.

It is worth noticing that in the above mentioned model a
reduction in the magnetic moment of Fe at the Fe/V interface
was not considered, although this effect was systematically
observed in previous reports.>?> Owing to the limited g, range
and the relatively long wavelength of the incident x-rays, this
scenario did not improve significantly the XRMS fits. In ad-
dition the use of resonant scattering factors obtained from
previous reports’ adds additional uncertainty. Nevertheless,
this point was further investigated with PNR since this
method does not share the aforementioned limitations for
this particular case, as it will be shown in the next section.

D. PNR

PNR is an established method*3-*¢ to investigate chemical
and magnetic profiles in multilayers. In contrast to the ele-
ment specificity of x-ray-based magnetic techniques, the
specular neutron reflectivity is related to the depth depen-
dence of the average magnetization. Both techniques are
scattering techniques and thus average information over the
lateral dimensions of the sample within the coherence of the
x-ray or neutron beam. The experimental reflectivity data for
the trilayered V/Fe/V sample normalized by the Fresnel re-
flectivity are shown in Fig. 4. R** and R~ correspond to the
reflectivity curves measured with the polarization vector of
the incident and scattered neutron beams parallel and anti-
parallel to the external magnetic field, respectively. In con-
trast to the XRR case, which is only sensitive to the chemical
profile of the sample, PNR is sensitive to the nuclear and
magnetic depth profiles. For the case of PNR, the SLD p is
the atomic number density of scattering centers, N, times the
sum of their nuclear b and magnetic p scattering lengths, i.e.,
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FIG. 4. (Color online) (a) Spin-up (R**) (upper curve) and spin-
down (R™7) (lower curve) neutron reflectometries normalized by the
Fresnel reflectivity (Rg= 16172/41:) and fittings. (b) Nuclear scatter-
ing length density (SLD) and magnetization profiles considered for
the fittings. Dashed lines show the convoluted roughness (CR) SLD
and magnetization profiles.

p=N(b = p). The magnetic SLD Np is directly related to
magnetization by the constant 2.85X 107'2 A2 m/A. The
sign of p denotes magnetization parallel (+) or antiparallel
() to the applied field.

The data in Fig. 4 were fitted to a model that consisted of
chemical layers with the same chemistry and thicknesses ob-
tained with the XRR analysis. To allow for magnetism in the
V layer, each V layer was divided into two separate layers
having the same chemistry but potentially different magneti-
zations. The overall thickness of each layer was constrained
to remain the same as that of the corresponding layer in the
XRR model. As in the case of the XRR analysis, the formal-
ism of Parratt>»> was used to calculate the spin-dependent
reflectivity curves [solid curves, Fig. 2(a)]. The y* metric
was optimized by perturbing the values of the magnetization
in the V layers. The nuclear SLD of the constituent compo-
nents was fixed to the bulk values given in the literature. The
magnetic SLD of Fe was also constrained to be its bulk
value. Figure 2(b) shows the nuclear SLD profile considered
(continuous lines) along with the convoluted roughness SLD
profile (dashed lines). The thickness and roughness values
for this model are given in Table L.

In a first model, no reduction in the Fe magnetic moment
at the Fe/V interfaces was included, as in the case of the
XRMS analysis. V-polarized regions were found close to
both Fe/V interfaces with a width of (0.49*0.02) and
(0.32+0.05) nm for the upper and lower interfaces, respec-
tively, and with magnetizations antiparallel to Fe of M=(
—494+70.1) and (-280=*122) kA/m, respectively. These
values correspond  to (-0.86+0.12) and (
—0.48+0.21) ug/V atom for the upper and lower inter-
faces, respectively. This model yields a x> factor of 716. In
order to further improve the fitting, reduction in the Fe mag-
netic moment at the Fe/V interfaces was considered, yielding
a reduction in the two atomic Fe layers closest to the V layer
with values of (1538 = 175) and (1542 +227) kA/m for the
upper and lower interfaces, respectively, as compared to the
bulk value 1742 kA/m. In this case, the magnetic moments
of the V-polarized regions slightly change to (-0.83 =0.12)
and (-0.46+0.18) wg/V atom for the upper and lower in-
terfaces, respectively, yielding a x> factor of 711. Figure 2(b)
shows the magnetization profile obtained (continuous lines)
along with the convoluted roughness magnetization profile
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(dashed lines). These findings are consistent with the XRMS
observations. The integrated magnetization per unit area in
the neutron model at RT is 474 mA (4.74
X 10™* emu/cm?), a value consistent with SQUID magne-
tometry and XRMS fittings, which after applying the ob-
tained polarized V thicknesses corresponds to a net magne-
tization value of 1285 kA/m. It is worth noticing that the
model that best fits our data incorporates different interfacial
roughness for the upper V/Fe (0.29+0.03 nm) and the
lower Fe/V interfaces (0.60*=0.02 nm), see Table I, in
agreement with the XRR refinements. Interestingly this find-
ing is consistent with previous reports on epitaxial Fe/V su-
perlattices, where Mossbauer studies showed that the
V-on-Fe interfaces are more abrupt and less diffuse than the
Fe-on-V interfaces.’’

Induced V magnetic moments have been reported to be
independent of the interlayer crystalline orientation between
Fe and V.* Thus, our results in polycrystalline films can be
compared with epitaxially grown multilayers. Our estimated
value for the V magnetic moment ranging from —0.46 to
—0.86 up/V atom is higher than the one found in atomically
flat Fe/V multilayers® (—0.29 ug/V atom), where no signifi-
cant roughness or interdiffusion was present and where the
induced V polarization was also confined to the interface.
This fact implies that moderate interfacial roughness by itself
enhances the induced V magnetic moment. The polarization
range of 3 ML (similar to the interface roughness), is com-
parable to the range found for atomically flat interfaces but
here the magnitude of polarization is modified, i.e., enhanced
by the roughness. Nevertheless, different V-polarization val-
ues are obtained depending on the severity of the interfacial
roughness. We notice that in the case of Fe/Cr multilayers®
the significant influence of interface roughness on the spin
configuration of the Fe and Cr films has been reported.’**" It
was found for this system that when excessive roughness is
present, preferred spin alignment cannot be achieved for all
pairs of spins, giving rise to frustrated coupling that in turn
affects the global magnetization of the system. Similar
mechanisms can help us to interpret the lower V polarization
(-0.46 =0.18 uy/V) observed at the bottom Fe/V interface
where a severe roughness/thickness ratio of approximately
30% was measured.
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IV. CONCLUSIONS

Structural and magnetic investigations were carried out on
polycrystalline sputter-deposited V/Fe/V trilayers using x-ray
nonresonant (XRR) and resonant (XRMS) reflectivity tech-
niques, together with complementary XMCD, PNR, and
SQUID measurements, in order to investigate the effect of
interfacial roughness and polycrystalline microstructure on
the induced polarization of V. Taken together, all the experi-
ments indicate that V in proximity to Fe becomes magnetized
with magnetization antiparallel to that of the Fe in agreement
with previous reports. In the present study, the induced po-
larization in V was found to extend up to approximately 2—3
ML from the interface. The measured magnetic moment per
V atom in the polarized area ranges from -0.46 to
—0.86 up/V atom, thus significantly higher than that re-
ported for atomically flat Fe/V interfaces. The results indi-
cate that interfacial roughness itself can enhance the induced
magnetic moment of V in Fe/V interfaces due to larger con-
tact surface at the interface, although this effect might be
somewhat reduced when the roughness/thickness ratio con-
spires against layer integrity. These results further our under-
standing of proximity effects in ferromagnetic-nonmagnetic
multilayered systems.
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