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Induced magnetism at interfaces in ultra-thin epitaxial V/Gd bilayers
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The magnetic structure of epitaxial vanadium/gadolinium bilayers with different V thickness has been
studied using polarized neutron reflectivity and magnetization measurements. The polarized neutron reflectivity
results show that in the fully magnetized state of V/Gd bilayer about three to five monolayers of V become
magnetic with a mean magnetic moment of around 0.8 ug/atom. The V slab is antiferromagnetically aligned
with the Gd layer. From magnetization measurements it has been found that the Curie temperature of the V/Gd
system is increased by 74 K in comparison to that of a Gd layer without vanadium.
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I. INTRODUCTION

Induced magnetism in thin films has recently been inten-
sively studied due to the developments in deposition tech-
niques as molecular beam epitaxy (MBE) and the availability
of experimental techniques probing magnetic properties
with element specificity combined with monolayer (ML)
sensitivity such as x-ray magnetic circular dichroism
(XMCD), x-ray magnetic scattering, and polarized neutron
reflectivity (PNR). Layered structures composed of ferro-
magnetic and nonmagnetic metals are interesting for both
technological applications and fundamental research. Most
of the studies have been carried out in layered systems con-
sisting of magnetic 3d and nonmagnetic 3d or 5d transition
metals and mainly as a 3d metal iron or nickel has been used.
Interfacially induced magnetic moments of the 5d elements
such as Pt, Ir, W in multilayers with Ni and Fe have been
reported.'? Ferromagnetic coupling was found for Pt and Ir
while W was antiferromagnetically coupled to Ni and Fe.
XMCD results showed an induced magnetic moment of
0.17-0.29 ug/at for Pt and 0.2 ug/at for W and Ir at the
interface decaying rapidly inside the layer. On the contrary in
Gd/W multilayers no measurable spin polarization in W was
detected by PNR.>*

The most extensively studied system consisting of mag-
netic 3d—nonmagnetic 3d transition metal is the Fe/V sys-
tem and a number of different techniques as SQUID, CEMS,
or PNR (Refs. 5-7) have been used. Results of recent theo-
retical and experimental papers concerning Fe/V (Refs.
8-13) clearly show an induced magnetic moment in V, which
is antiferromagnetically coupled to the Fe moments of the
neighboring layers. However, there is a disagreement con-
cerning the range of polarization in V between theory and
experiment. Theoretical papers'4~'® for the Fe/V system
show a strong but short range magnetic polarization in vana-
dium, where magnetic moments are localized mostly at the
interface vanadium atoms. FP-LMTO calculations'* predict
an induced vanadium magnetic moment of 0.93 ug/atom
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only for the interface atoms with a simultaneous reduction of
the Fe magnetic moment in the vicinity of vanadium. How-
ever, from XMCD measurements on the Fe/V system!”!8 it
was found that the induced magnetic moment in V is ex-
tended up to 4 monolayers from the Fe/V interface. In recent
XMCD measurements performed at L, ; edges of Fe and V
for Fe/V /Fe trilayers>!” a short range polarization was con-
cluded from the signal saturation above 3 ML of V.

The experimentally determined values of V induced mo-
ments differ considerably between a Fe/V/Fe trilayer and an
epitaxial Fe/V multilayer. For the trilayer’ a V magnetic
moment of 0.5 ug/at was determined but a moment of
0.9 wg/at for Fe/V multilayer'” has been reported. This dif-
ference can be explained taking into account theoretical ab
initio calculations carried out by Coehoorn'® showing that an
induced magnetic moment of V atom depends on the number
of the Fe nearest neighbors in its vicinity, which is closely
related to the interdiffusion at the interfaces. The influence
of the interface roughness and interdiffusion processes on the
enhancement of V polarization has clearly been shown in
the case of Fe/V/Fe trilayers deposited at different
temperatures.”’ The magnitude of the induced V moment is
increased by a factor of two upon changing the deposition
temperature from 300 K to 600 K.

The magnetic behavior of Gd-TM alloys is ruled by the
antiferromagnetic exchange interactions between a heavy
rare-earth (Gd) and a transition metal (Fe, Co). This antipar-
allel coupling between RE-TM is a matter of interest, espe-
cially in multilayers, where a variety of spin configurations
appear because of the balance between exchange and Zee-
man terms.2! Gd, Fe, and Co are all ferromagnetic in the
bulk, but the magnetic coupling across the Fe/Gd or Co/Gd
interface is antiferromagnetic.”>27 Under special deposition
conditions where the RKKY (interlayer) exchange interac-
tion dominates the direct exchange ferromagnetic state can
be realized in TM/Gd systems.?® Another interesting example
is the Gd/Y supperlattices. Although Y is nonmagnetic, there
is an effective antiferromagnetic interaction between blocks
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TABLE I. Structural parameters determined by x-ray and neutron reflectivity data. Numbers inside pa-

renthesis are the roughness values.

Thickness
(nm)
Temperature
Sample (K) Radiation Mo A% Gd GdAl Al
Gd reference 5 PNR 19.7 — 2.9 4.3 15.3
(0.26) (1.0) (2.3) (1.54)
V(4ML)/Gd 300 X-ray 23.7 1.23 4.2 5.5 11.8
(0.13) (0.56) (1.2) (0.72) (2.11)
PNR 23.6 1.27 4.1 5.9 11.7
(0.15) (0.5) (1.24) (0.89) (2.12)

of Gd spins for certain thickness of intervening Y layers.”
Vanadium in the bulk is nonmagnetic, however, as it has
been mentioned above, at interfaces where there is lower
coordination number and lattice expansion it can acquire a
large magnetic moment and generally aligns antiferromag-
netically with TM (e.g., Fe/V). The electronic structure is
quite different between TM and RE. The rare-earth metals
are strongly correlated materials. The open shell of highly
localized 4f electrons is responsible for their large magnetic
moments. The overlap with the 4f shells on neighboring lat-
tice sites is negligible. Therefore, the 6s, 6p, and 5d states
play an essential role in the magnetism, because they medi-
ate the magnetic interaction by a Ruderman-Kittel-Kasuya-
Yosida-(RKKY-) type exchange, although their contribution
to the magnetic moment is small.

Thus, it would be interesting to examine the V/Gd inter-
face magnetic structure to determine if V acquires a magnetic
moment in such bilayer and if, as for the transition metals
such as Fe and Co, it aligns antiferromagnetically with Gd.

II. EXPERIMENTAL DETAILS

The ultra-thin epitaxial V/Gd bilayers were grown using
MBE technique at a vacuum level of the order of 10~'° Torr.
In order to achieve epitaxial growth a sapphire substrate with
orientation (11-20) and a Mo buffer layer of about 20 nm
were used. The Al,O5 substrate was chemically cleaned and
degassed in vacuum at high temperature in order to avoid
contamination. The V layer was grown on the Mo(110)
buffer. Samples with V nominal thickness of 4, 8, 10, and 11
monolayers were grown. Also a reference sample without V
(Table I) was fabricated. Directly on the V layer a Gd film of
nominal thickness of about 6 nm (20 ML) was deposited. An
Al cover layer of 10 nm was used for protection against oxi-
dation (Initially Y was used as a protective layer but a sig-
nificant reduction of magnetization occurred after one month
showing that Y could not be used as a cap layer for the
reactive Gd. Consequently Al was used as a protective layer,
which is known to produce a compact oxide layer on the
surface). All the materials were evaporated from electron
guns. Deposition rate during growth process was kept at a
level of 0.5 A/s and was controlled by the electron impact
emission spectroscopy (EIES) based Sentinel IIT system. The
Mo buffer layer was deposited at the temperature above

1000 °C in order to obtain optimal crystalline structure and
minimum surface roughness. The V layers deposition pro-
cess was performed at 700 °C and the Gd was deposited at
room temperature. The resulting sample structure was
Al,03/Mo/V/Gd/Al. The quality of the interfaces and the
crystallographic orientation were investigated in sifu by
12 kV reflected high energy electron diffraction (RHEED).
Auger spectroscopy (AES) was carried out also in situ and
no surface contamination of the deposited metallic layers
was observed.

Hysteresis loops were measured at 5 K and in an external
magnetic field up to 2 T applied in the film plane using a
vibrating sample magnetometer (VSM). Coercive field val-
ues are in the range from 0.044 to 0.052 Tesla. The rectan-
gular shapes of measured hysteresis loops with high rema-
nence show in-plane anisotropy for all the samples (M,/M
close to 1).

The x-ray reflectivity measurements using synchrotron ra-
diation (this was necessary due to the limited thickness of the
bilayers) were performed at room temperature at the W 1.1
station at HASYLAB in Hamburg at a wavelength of
0.124 nm and the employed Q range was from 1.15 to 3.5
X 1072 nm~'. The PNR measurements were carried out on
the PRISM instrument at Laboratoire Léon-Brillouin, CEA-
Saclay, at 5 K and with an in-plane external magnetic field of
1.5 T in order to magnetically saturate the samples. The
wavelength used was 0.43 nm and the Q range was from
0.05 to 0.7 nm~!. The spin-up and spin-down reflectivities
(R*,R™) of the reference sample and the four V/Gd samples
were measured. The data have been corrected for the polar-
ization efficiency. The least squares fitting of all the reflec-
tivity data (x rays and neutrons) was made using the Simul-
Reflec software.’® For the scattering lengths of x rays and
neutrons and absorption cross sections the tabulated values
were employed.

III. EXPERIMENTAL RESULTS AND ANALYSIS

At first the structure of the V/Gd bilayers is discussed as
it has a strong influence on their magnetic properties. Next in
order to determine the magnetic structure and behavior of Gd
thin film, the results for the reference sample (without V
layer) are presented. Finally the magnetic behavior of the V
in V/Gd bilayers is analyzed.
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FIG. 1. (a) x-ray reflectivity curve and the least squares fitted
models for the V(4 ML)/Gd sample. Open circles represent experi-
mental data. Dotted line: model without a A1Gd layer (no Gd and Al
intermixing). Solid line: model with a AIGd layer (Gd and Al inter-
mixing). (b) Scattering length density (SLD) versus depth profile
[see Egs. (A9) and (A10)]. Dotted lines indicate sharp interfaces

A. Structural characterization of the V/Gd bilayers

RHEED in situ observations performed in se-
quence during thin films growth showed that the spacing
of 20 nm thick buffer Mo between (110) planes
was equal to that of the bulk. The following rela-
tions between in-plane directions of the constituent
layers  were  found:  Mo(110)/V(110):[001]II[001],
V(110)/Gd(0001):[001]1I[11-20]. These epitaxial relation-
ships of V/Gd correspond to the Nishiyama-Wasserman ori-
entation. The epitaxial Gd growth on Mo(110) (in the refer-
ence sample) and on V(110) (in the Gd/V samples) was
identical conserving the Nishiyama-Wasserman relations, re-
sulting in Gd(0001) orientation and two-dimensional (2D)
growth mode, which was confirmed by sharp streaks in
RHEED images for both cases.

The structure of the V/Gd bilayers and that of the refer-
ence Gd sample was determined by synchrotron x-ray reflec-
tivity measurements. Interpretation details of the x-ray re-
flectivity measurements have been discussed elsewhere.?!
Here we mention that two models have been used to explain
the observed x-ray reflectivity curves. In the first model it is
assumed that there is no intermixing between Al cover layer
and Gd, whereas in the second model an intermixing is in-
corporated. The experimental x-ray data together with curves
for both fitted models for the V(4 ML)/Gd sample are pre-
sented in Fig. 1(a). It is apparent that the model assuming
that there is an intermixing of Al and Gd gives a much better
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fit to the experimental data. The AIGd mixed layer has a
chemical formula of Aly¢Gd, 4 as it was found by the least
squares fit and this value was obtained for all the studied
V/Gd bilayers. The intermixing of Al and Gd is not surpris-
ing since the formation enthalpy of Al-Gd alloys at room
temperature is the lowest at around Al s53Gd, 4, and negative
for a whole range of other compositions.? The density of the
rest of the layers (Mo, V, Gd, Al) in all the samples was
found to be very close to that of the respective bulk value.
Also the roughness [see Egs. (A9) and (A10)] of the layers
was determined from the x-ray reflectivity. Given that an
extended Q range for the x-ray reflectivity measurements
was employed the structural layer parameters were deter-
mined quite accurately and for example the vanadium layer
roughness in the V(4 ML)/Gd sample determined from the
x-ray data is consistent with AFM measurements of a layer
of similar thickness.3* In Table I the structural parameters of
the V(4 ML)/Gd sample are given and its scattering length
density (SLD) is presented in Fig. 1(b). The gradual (no
abrupt) change of the SLD at the interfaces is due to rough-
ness of the layer. With the term roughness is meant that the
interface is not flat and the presented SLD versus depth pro-
file is its xy plane average [see Eq. (A9) in the Appendix].

In Fig. 2(a) the spin-up and spin-down polarized neutron
reflectivities of the V(4 ML)/Gd sample at 300 K (above T.
for Gd) are presented. We observe that there is no splitting
between the spin up and spin down reflectivities, which
shows that the sample is not magnetic. Thus, this measure-
ment can be used for the determination of the structural pa-
rameters of the sample independently of the x-ray reflectivity
measurements. The thickness of the layers derived from PNR
agree with those derived from x-ray reflectivity with an ac-
curacy better than 3% (see Table I).

It can be seen from Table I that the roughness of the V
layer is considerable relative to its thickness and it might be
interpreted as an indication of V and Gd intermixing. How-
ever, such an intermixing can be excluded on the following
reasons (a) binary alloy phase diagram of Gd-V system
shows that both elements are immiscible, (b) the Gd was
deposited at room temperature and its epitaxial growth was
observed by RHEED, and (c) no intermixing of Gd and V
even in film structures and at temperatures as high as 700 °C
has been observed earlier.>** Furthermore, the reflectivity
experiments are very sensitive in determining any intermix-
ing, if it had occurred for any reason after the preparation of
the samples.

In the insert in Fig. 2(a) the relative reflectivity difference
(RRD) [RRD = (Rfitieq = Rinodet) / Ritteas Where Riyieq is the least
squares fitted reflectivity and R, -the reflectivity calcu-
lated for a specific model] for models assuming different
degrees of V-Gd intermixing is presented. From the insert it
is observed that any intermixing has to be less than 2% of Gd
atoms in the vanadium layer.

Thus, in summary, similar quality of Gd(0001) layer has
been grown either on Mo (in the reference sample) or on V
(in the V/Gd bilayers) and the further deposition of Al on Gd
results in a development of AlGd alloy layer. In all the V/Gd
bilayers a pure Gd layer of thickness larger than 3 nm re-
mains with a density very close to that of the bulk. The
thickness of the constituent layers, their densities and inter-

075417-3



BACZEWSKI et al.

10° \_\ -
1 A
— Gd Vo
. %&1 § g 07
107 O 18] &4,V
e 2]
107, A o Vo
00 02 04 08
10°
@ T=300K Q"N‘T
10t . x ; . x
pO 01 02 03 04 05 06 07

ivi

Reflect

® T=200K ~

pO 01 02 03 04 05 06 07

ao f\ (Q

00 01 02 03 04 05 06 07
A
Q (nm)

FIG. 2. PNR data for the V(4 ML)/Gd sample at different tem-
peratures. Experimental data: [J for R* (spin up) and O for R~ (spin
down). Solid line: Least squares model fitting. Insert (a): the rela-
tive reflectivity difference (RRD) between the least squares fitted
model and models assuming different degrees of V-Gd intermixing.
Insert (c): RRD for models assuming different V magnetic
moments.

facial roughness have been determined by x-ray reflectivity
measurements and were confirmed independently by PNR
experiments at 300 K. Furthermore, the reflectivity data ex-
clude any intermixing of the V and Gd.

B. Magnetic structure of the reference sample

Since Gd as a thin film might has different magnetic be-
havior and/or moment than in the bulk, its magnetic state has
to be analyzed first. For this PNR and magnetization mea-
surements of the reference sample (i.e., a sample having the
same structure and growth conditions as the V/Gd bilayers
but without V layer) were performed.

The PNR spin up (R") and spin down (R") reflectivities of
the reference sample (Fig. 3) were fitted for both models i.e.,
without or with intermixing between the Gd and Al. From
Fig. 3 it is apparent that the model assuming no intermixing
of Gd and Al fails to reproduce the experimental data. This
failure is more apparent in PNR than in the x-ray reflectivity
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Reflectivity

FIG. 3. PNR data for the reference sample at 5 K. Experimental
data: O for R* and A for R™. Dotted line: Model without an AlGd
layer (no Gd and Al intermixing). Solid line: Model with an AlGd
layer (Gd and Al intermixing).

data as the contrast between Gd and Al for the neutrons
(nuclear plus magnetic) is higher than that for the x rays. The
magnetic moment of the AIGd mixed layer was found to be
0.32 ug/atom and the Gd moment 7.1%£0.2 ug/atom (Gd
bulk value is 7.63 ug/atom). The chemical composition of
the AlGd layer was found to be around AljsGd,,4, which
agrees extremely well with the chemical composition, deter-
mined from the x-ray reflectivity measurements for the
V/Gd bilayers (see Sec. IIT A). Thus, not only the crystallo-
graphic structure of the Gd layer is very close to that of the
bulk (Sec. IIT A) but also its magnetic moment. The magnetic
moment per atom versus depth profile of the reference
sample is presented in Fig. 4(a).

It is well known that the Curie temperature of Gd thin
films decreases as the film thickness is reduced. This is also
true for the Gd film of the reference sample, as it can be seen
in Fig. 5, where the magnetization versus temperature depen-
dence is presented. The AlGd contribution to the total sample
magnetization is around 6% and it can, thus, be ignored.
From the shape of magnetization versus temperature curve
we can construe, using the mean field theory, that there are
two molecular field distributions (« and 8) giving rise to two
transition temperature ranges and the smooth appearance of
the curve. Other investigators have found a similar magneti-
zation versus temperature behavior in thin film Gd
structures.*® The experimental data have been fitted using
Eq. (A7) (see the Appendix) and the derived parameters are
presented in the legend of Fig. 5. The mean transition tem-
peratures corresponding to the two molecular field distribu-
tions o and B are (T%)=77 K and (Tf>= 168 K, respectively.

Since the magnetization data predominantly reflect the
magnetization of the Gd layer, the two molecular field distri-
butions (& and B) have to be correlated with the Gd magnetic
moment versus depth profile determined by PNR and shown
in Fig. 4(a). It is apparent that the lower transition tempera-
ture has to be attributed to the Gd atoms at the AlGd/Gd
interface or near it, whereas the higher transition temperature
to the unperturbed Gd layer. In the Appendix is shown how
from the saturation magnetization of the two molecular field
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FIG. 4. Magnetic moment vs depth profile for (a) reference
sample and (b) for V(4 ML)/Gd sample. Dotted lines indicate hy-
pothetical sharp interfaces. Continuous line: indicates the magneti-
zation profile at 5 K, dashed line: magnetization profile at 200 K.
Arrows show the regions corresponding to the two molecular field
distributions a (D®) and B (DP). (c) Magnetic structure schematic
representation of V-Gd interface—indicating the meaning of the
magnetic moment versus depth profile shown in (a) and (b).

distributions (1 and u?, see legend of Fig. 5) we can calcu-
late the corresponding regions (D® and DP) of the Gd layer.
These two regions are shown in Fig. 4 with arrows. We ob-
serve that region «, having the lower transition temperature,
corresponds to Gd atoms at the interface and region 3, hav-
ing the higher transition temperature, to the unperturbed part
of the Gd layer.

C. Magnetic structure of the V/Gd bilayers

At first we will discuss the magnetization versus tempera-
ture measurements of the V/Gd bilayers. VSM magnetiza-
tion measurements of these samples predominantly reflect
the magnetization of the Gd layer since any possible contri-
bution of the V to the total magnetization is very small (Even
if we assume the magnetic moment of V as 1 up/atom the
contibution of V to the toal magnetization would be only
4%.) Whereas, it is impossible to deduce any magnetic mo-
ment of V from magnetization measurements, these experi-
ments are essential in order to investigate if any magnetic
change has been induced in the Gd by the adjacent vanadium
layer. The magnetization versus temperature curve of the V(4
ML)/Gd bilayer is presented in Fig. 5. Although the shape of
the magnetization curve of V(4 ML)/Gd bilayer is very simi-
lar to that of the reference sample, it is apparent that the
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FIG. 5. Magnetization vs temperature dependence (at

H=300 Oe). O: experimental data for the reference sample, solid
line: least squares fit (see the Appendix). Least squares determined
parameters: u®=0.38, T%,=45 K, T%=110 K, and p’=0.62, 7%,
=140 K, szz 197 K. [J: experimental data for the V(4 ML)/Gd,
solid line: least squares fit (see the Appendix). Least squares
determined parameters: u*=0.38, T% =50 K, T%=130 K, and u
=0.62, TP, =225 K, T%,=260 K.

presence of 4 ML of V has resulted in a significant increase
of the transition temperature of the Gd layer. This must be
arising from a magnetic interaction between the vanadium
and gadolinium, which consequently means that the V has
acquired a magnetic moment. This is corroborated by the fact
that all four studied V/Gd bilayers have very similar M(7T)
curves with very close transition temperatures. Since the
transition temperature increase is independent on the V layer
thickness, we can infer that only a part of the V layer (at the
interface or near it) has become magnetic.

The mean field approach employed for the interpretation
of the M(T) curve of the reference sample (see Sec. III B)
has also been applied to the magnetization data of the V/Gd
bilayers. In Fig. 5 we observe an excellent agreement be-
tween the experimental data for the V(4 ML)/Gd sample and
the least squares fitted curve (the parameters obtained from
the least squares fit are given in the legend of Fig. 5). The
saturation magnetization of the two molecular field distribu-
tions in the V(4 ML)/Gd sample are equal to those of the
reference sample showing that the magnetic structure of the
Gd layer in both samples is quite similar. However, the lower
mean transition temperature has been increased from 77 K in
the reference sample to 90 K in the V(4 ML)/Gd sample and
the higher mean transition temperature from 168 to 242 K.

Before we proceed to discuss the PNR data we summarize
the experimental findings discussed above as: (a) the crystal-
lographic structure of Gd layers in all samples is the same,
(b) the magnetic structure of the Gd layers in all samples is
quite similar, and (c) the V layer has increased the transition
temperature of the Gd layer by 74 K [see M(T) measure-
ments].

Since the magnetization versus temperature measure-
ments have shown that a Gd-V magnetic interaction is
present, the purpose of the PNR measurements has been the
determination of the V atoms magnetic moment value. It
would have been arguable if PNR measurements could be
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adequate in determining an expected small magnetic moment
of V in the presence of a large Gd moment. For this reason
the number of parameters to be determined by PNR had to be
minimized and additional experimental information had to be
provided in order to unambiguously determine the V mo-
ment. In order to minimize the parameters to be fitted to the
PNR curves the structural parameters of the samples have
been determined by x-ray reflectivity and it has been estab-
lished above that the x-ray derived structural parameters are
in agreement with those obtained by PNR measurements car-
ried out when the sample is not magnetic. In addition PNR
measurements were carried out also at 200 K. At this tem-
perature, as it has been found out by M(T) measurements
(see Fig. 5), the reference sample is not magnetic, whereas
the V/Gd bilayers are magnetic. From the M(T) curve we
can predict the reduction of Gd magnetic moment in com-
parison to its value at 5 K and such a reduction has to be also
observed in the PNR measurements. As the V is responsible
for the increase of the Gd transition temperature, it should
also be expected to be magnetic at 200 K and its magnetic
moment to be reduced from its value at 5 K in a similar
manner as the Gd magnetic moment. A further constraint is
introduced by measuring the PNR for the four V/Gd samples
with different V thickness. It is expected that the V atomic
moment (in up/atom) in all studied V/Gd samples would
either remain constant or to be reduced with increasing V
thickness. The latter behavior is more in accordance with the
magnetization measurements, which hint that only a top slab
of the vanadium close to interface with Gd is magnetically
active. Thus, in order to prove unambiguously the existence
of V induced moment at Gd/V interface all the above listed
relations and results must be confirmed and consistent.

The experimental PNR data for the V(4ML)/Gd sample at
5 K are presented in Fig. 2(c) together with the least squares
fitted curves. From the fitting it has been found that the mag-
netic moment of the Gd is 6.9 ug/atom, a value very close to
that derived for the reference sample (7.1 wg/atom). As it
has been discussed above, since the crystallographic and
magnetic structure of the Gd in V/Gd layers and the refer-
ence sample are very alike, close values of the Gd atomic
magnetic moments are expected. It was also found that va-
nadium has an induced atomic magnetic moment of
—0.8 wp/atom and it is antiferromagnetically coupled to the
Gd layer. In the insert of Fig. 2(c) the normalized difference
of the spin up reflectivity to that of the least squares fitted
curve is presented for different V moments. These curves
show the Q range, which is mostly sensitive to the V mag-
netic moment. The figure also shows the way the least
squares fit converges from V starting magnetic moment of
zero. In order to verify that a global minimum of the y
square parameter was attained least squares fits were per-
formed with different starting pairs of Gd and V moments
and always the final values were within less than 1% differ-
ence from the quoted magnetic moment values. In order to
ascertain the magnetic moment values and their errors, a se-
ries of reflectivity curves were calculated using different
pairs of V and Gd moments. The pairs, which gave reflectiv-
ity curves obviously deviating from the data, were taken as
to define the limits of accuracy and all these pairs are in-
cluded within 5% of the quoted magnetic moment values.
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In Fig. 4(b) the magnetic moment versus depth profile of
the V(4 ML)/Gd sample is presented where a continuous line
indicates magnetization profile at 5 K, and a dashed line -:
magnetization profile at 200 K. It should be noted that no
sharp interface represents the roughness of the layer. As it is
described in the Appendix the magnetic moment versus
depth is the xy plane average of the magnetic moment and
not a magnetic moment of an alloy (in Sec. IIT A it has been
proved that there is no V-Gd alloying). A schematic of the
V-Gd interface is presented in Fig. 4(c) as well as the mean-
ing of the xy plane averaging of the magnetic moment, as an
interface region is cross sectioned. The regions of the Gd
layer (D and D?) corresponding to the two molecular field
distributions are also shown (see Sec. III B and the Appen-
dix). From Fig. 4 we observe that the magnetic structure and
moment of the Gd layers in both the reference and the V(4
ML)/Gd samples are very close. However, the transition tem-
perature of the region S of the Gd layer adjacent to the V
layer in the V(4 ML)/Gd sample has increased by 74 K in
comparison to the reference sample, whereas the transition
temperature of region « (at AlGd/Gd interface) by only
13 K.

In Fig. 2(b) the PNR data of the V(4 ML)/Gd bilayer at
200 K are presented. From the spin up and spin down split-
ting of the reflectivity curves [for comparison see Fig. 2(a)]
we conclude that this sample is magnetic, contrary to the
reference sample (see Fig. 5). From the magnetization data
we have found that the transition temperature for region « is
90 K, thus this region is not magnetic at 200 K and this has
been incorporated in the fitting of the reflectivity curve.
From the least squares fitting it was found that the Gd and V
magnetic moments have been reduced from their values at
5 Kto 2.24 pg/atom and -0.34 up/atom, respectively. It
means that we observe a 32% reduction of the Gd magnetic
moment from its value at 5 K and simultaneously a 31%
reduction of the V magnetic moment. Thus, the temperature
increase from 5 to 200 K results in an almost equal reduc-
tion of both V and Gd moments. This reduction of the mag-
netic moments is in accordance with the M(T) curve (Fig. 5)
where the magnetization at 200 K has been reduced to 38%
of its value at 5 K. Thus, the prerequisites set above for
consistency of the PNR and magnetization data, i.e., similar
reduction of V and Gd magnetic moments have been fully
satisfied.

The PNR data of the rest of V/Gd samples were analyzed
in the same way as those of V(4 ML)/Gd and the least
squares deduced respective magnetic moments of the V and
Gd atoms are presented in Table II. We observe that the V
magnetic moment per atom is reduced as the V layer thick-
ness is increased. The M(T) curves for the rest of the V/Gd
samples are quite close to that of the V(4 ML)/Gd bilayer,
thus the analysis and the results obtained for the V(4 ML)/Gd
hold for all the V/Gd bilayers. In the last column of Table II
the product of the V atomic magnetic moment multiplied by
its layer thickness is calculated (du). One can observe that
this value is almost constant for all V/Gd bilayer samples
(maximum deviation from the mean value is around 4%),
which demonstrates the consistency and accuracy of the V
magnetic moments derived from PNR. From the mean value
of this product {(du)y=(4.5+0.3) ML X u assuming that the
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TABLE II. Thickness and magnetic moments of V and Gd layers. Layer thickness d and roughness
(numbers inside parenthesis) were determined by x-ray reflectivity. Magnetic moments {u), determined by
PNR, u is magnetic moment of unperturbed Gd [see Fig. 4(b)].

Gd \'%
Temp. d (w) d (w) uxd
Sample (K) (nm) (up/atom) o (nm) [up/atom] [up X ML]
Gd reference 5 2.9 7.1 7.4 — — —
(1.0)
V(4ML)/Gd 200 42 22 — 1.23 -0.34 —
(1.2) (0.56)
5 4.2 6.9 7.5 1.23 -0.82 4.7
(1.2) (0.56)
V(8ML)/Gd 5 3.8 6.7 7.1 2.03 -0.48 4.6
(0.8) (0.15)
V(10ML)/Gd 5 34 6.5 6.9 2.45 -0.35 4.0
(0.6) 0.5)
V(11ML)/Gd 5 2.7 6.3 7.3 3.11 -0.36 5.2
(1.2) 0.7)
7.2+0.2 4.6+0.5
a a

Mean value and standard deviation of the numbers in the column.

whole V layer in the sample with the thinnest V layer is
magnetically active (5.6 ML) we obtain a magnetic moment
of the vanadium —(0.80+0.05) ug/atom. It is apparent that if
we assume thinner V magnetically active slab the larger V
magnetic moment will be obtained and thus the value of
—0.8 up/atom is a lower limit of the V moment.

From Table II we observe that the Gd moments,{u), for
the four V/Gd samples are the same within the quoted error
of 10% (see above). It should be reminded that the magnetic
moments determined from the PNR data are mean values,
which are taken over the whole layer volume. The Gd layer
does not have a sharp interface but there is a magnetization
profile as that shown in Fig. 4(b). Using the same procedure
as that used for the reference sample (Sec. III B) the Gd
magnetization profile for the studied V/Gd samples has been
calculated and the Gd moment at the V interface is presented
in Table II as (u). From Table II we observe that Gd mag-
netic moments are very close and almost equal to the bulk
value of Gd moment for all the samples. In order to exclude
any possibility that the V has induced a magnetic moment to
the Mo layer, a 1 nm thick V layer was deposited on
Mo(110) buffer at the same growth conditions and SQUID
M(H) measurements have not shown any magnetization. Fi-
nally the PNR derived Gd and V magnetic moments have
been used to calculate the bulk saturation magnetization of
the V/Gd samples. A very good agreement between the satu-
ration magnetization calculated from the microscopically de-
rived parameters from PNR and the macroscopic VSM mea-
surements has been found.

In concluding the presented above analysis it should be
noted that all the constraints set for the interconsistency of
the derived parameters have been fulfilled so the conclusion
about the existence of an induced V magnetic moment in
Gd/V bilayers is justified.

IV. DISCUSSION

The purpose of this study has been to investigate the
V/Gd interface magnetic structure, i.e., to determine if the V
acquires magnetic moment in the vicinity of Gd and its mag-
netic coupling direction with the Gd. In order to ascertain
whether there is a surface or bulk magnetization state of V,
samples with different V thickness were fabricated by MBE
(Table II). The crystallographic structure of the layers was
monitored in situ by RHEED, which showed that the in-
plane directions relation V(110)/Gd(0001) was satisfied for
every sample. The thickness, density and roughness of the
constituent layers in the studied samples were determined by
x-ray reflectivity measurements and the PNR measurements
were used for the determination of the magnetic moments.

From the PNR data of four V/Gd samples the V and Gd
magnetic moments have been determined (see Table II). In
all the V/Gd bilayers it has been found that a magnetic mo-
ment has been induced in the V and that the V layer is anti-
ferromagnetically coupled to the Gd layer. The product of the
vanadium layer thickness by its moment is almost constant
for all studied V/Gd samples, which demonstrates that only
a top slab of vanadium layer close to the interface with Gd is
magnetically active. The thickness of this slab is less or
equal to 5 ML and the induced vanadium magnetic moment
higher or equal to 0.8 wg/atom (thinner magnetically active
slabs imply larger V moments).

The V ground state and its magnetic moment strongly
depends on the atomic distance,”” number and type of
neighbors®®3® and for V slabs or layers antiferromagnetic
structures occur for exchange integral values smaller than
those for ferromagnetic structures.*’ In this work we have
found that the vanadium atoms at the interface with Gd have
acquired a magnetic moment and this interface as it has been
found by AFM and x-ray reflectivity measurements is quite
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rough. Thus, it could be deduced that the roughness is further
reducing the number of V next neighbors, distorts the bond
lengths and angles and between 3 to 5 monolayers of V
acquire a magnetic moment. Also, the lattice strain occurring
at the interfaces during epitaxial growth of hcp Gd on bce
metal has been theoretically suggested to be a cause of anti-
ferromagnetic ordering at the interface.*! Large magnetic
moments for V have been already reported for Fe/V (Refs.
18 and 10) and Co/V systems.*> We have found that the
V-Gd coupling is antiferromagnetic, the V-V coupling and
the Gd-Gd coupling is ferromagnetic with Gd atoms having a
magnetic moment close to the bulk value. Thus, we observe
a similar situation as that reported for Fe/V multilayers
where the V atoms within a slab of 3 ML, a value close to
our findings, are magnetic and antiferromagnetically coupled
to the Fe layer. Recently a published paper on Mdossbauer
spectroscopy in Gd/Cr multilayers* also supports our find-
ings. The authors reported a significant increase of hyperfine
field HF on Cr nuclei at 5 K induced by the presence of Gd
films. As Cr and V are both 3d transition metals the same
mechanism is possible in these two cases.

Magnetic properties of Gd in TM/RE systems are deter-
mined by its d electrons, since the coupling of the 4f local
moments below the ordering temperature is solely deter-
mined by the dominant 4f-5d exchange interaction.** Hy-
bridization of the 3d-5d via the 5d-4f exchange couples the
Gd 4f local moments antiparallel to the V moments. This
indirect coupling has also been observed in the system of
Gd/Co.* The V-V moments are coupled ferromagnetically
through direct 3d-3d interactions.

The Gd-V coupling is manifested in the magnetization
versus temperature measurements and PNR results at 200 K.
From the PNR measurements at 200 K it has been found that
both the magnetic moments of Gd and V atoms have been
reduced of about 30% in comparison to their corresponding
values at 5 K. This shows that the V-Gd magnetic coupling
remains up to this temperature, at which a Gd layer in the
reference sample without V is not magnetic. From the M(T)
curves it has also been found that the transition temperature
has been increased by about 74 K for all four studied V/Gd
samples in comparison to the reference sample, i.e., it is
independent on either V or Gd thickness. Thus, the effect
observed here is not due to the dependence of the Curie
temperature on the Gd film thickness (Refs. 46 and 47) but it
is connected with the V-Gd magnetic coupling. Thus, the
Curie temperature increase has to be attributed to the
strength of the 3d-5d V and Gd coupling and such a strong
coupling has also been found in the antiferromagnetically
coupled Gd/Fe system, where a Gd monolayer attains a Cu-
rie temperature at 800 K.*8

V. CONCLUSIONS

High quality MBE grown epitaxial bilayers of V/Gd have
been fabricated with the V layer thickness varying from 4 to
11 ML. The epitaxial relationships of V/Gd correspond to
the Nishiyama-Wasserman orientation. The structural param-
eters of the bilayers have been determined by synchrotron
x-ray reflectivity measurements and their magnetic
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structure—by polarized neutron reflectivity (PNR) and VSM
magnetization measurements.

The main conclusions are the following:

(i) The V has acquired an induced magnetic moment at
the interface with Gd. This is proven by the magnetization
versus temperature measurements showing that the Curie
temperature of the V/Gd bilayers has been increased by
74 K when compared to the reference sample (sample with
the same structure but without a V layer).

(ii) The magnetic moments of Gd and V have been de-
rived by PNR measurements at 5 K. The mean magnetic
moment of the Gd atoms are close to that of the bulk. The V
mean magnetic moment is found to be decreasing with V
layer thickness, which shows that only a top slab of maxi-
mum 5 ML of the V layer at the V/Gd interface is magneti-
cally active. The mean magnetic moment of the V atoms is
about —0.8 wp/atom.

(iii) The V-Gd antiferromagnetic coupling remains at
higher temperatures as it is shown by PNR measurements at
200 K, where the same reduction of the Gd and V moments
in comparison to their values at 5 K was found. This is in
full agreement with the M(T) results.

(iv) The V induced moment is an interface effect and is
probably arising from a change of the type and number of
neighbors. The Gd 4f local moments are coupled antiferro-
magnetically to the V moments through a hybridization of
the 3d-5d electron orbitals via the 5d-4f exchange. The V-V
coupling is ferromagnetic through direct interactions.
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APPENDIX

The magnetization, m, within the molecular field approxi-
mation is the solution of the equation

m—MB,(H,T,ym/M,) =m - M B,(HIT,mT,/M,T) =0,
(A1)

where M is the saturation magnetization, 7 is the molecular
field constant
Y= 3ch/(J + l)gluBMs, (Az)

and B, is the Brillouin function. Equation (A1) for a given
external field can be solved numerically to give the magne-
tization at different temperatures i.e.

m(T,T,)=Mf(T,T,), f(T=0,T,)=1. (A3)
For a molecular field distribution the magnetization will be
given as
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M(T)=fp(7)m(%T)d7=fp(Tc)m(T,Tc)ch, (A4)

where p(vy) is a probability function and the change of vari-
ables from vy to T, has been done by using Eq. (A2). Ap-
proximating the probability function with a rectangular one
we have

TCZ Tc2
m(T3 Tcl > Tc2) = f m(T’ Tc)ch = va f(T’ Tc)ch
Tz‘l Tcl

=Msg(T’TCI’TC2)' (AS)

If there are more than one molecular field distribution equa-
tion (A5) can be easily generalized and for the case of two
distributions (p,(7y),pg(7y)) can be written as

M(T) = M{g(T. T2, Ty + MEg(T.TELTE). (A6)
The normalized to unity magnetization is given as
(1) = puig(T, T, Tey) + Mfg(T’ Tprfz), (A7)
where
o= #Mﬁ (A8)
The scattering length density (SLD), p, is defined as
p=Nb, (A9)

where N is the atomic number density and b is the neutron
scattering length of an atom (or f for x rays). When an in-
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terface AB (B layer is on the top of A) at depth z is sharp the
derivative of the SLD at the interface is given by

dp

dz = (pg— pa) 8(z0).

7=z,

For a rough interface the derivative of the xy plane average
of the SLD may be represented by a Gaussian (Ref. 49), i.e.

Dy py e - 2|
dz PB = Pa V’ETO’A P > 031 >

which gives the SLD versus depth profile of the sample

p(z)=pA+pB;pA[1+erf(ﬂ)}, (A10)

V20,

and o is the roughness value which is determined by the least
squares fitting to the experimental reflectivity data. The ex-
tent of the interface between layers B and A is around 207,.

Using the above definition of the roughness the thickness
of region « in Fig. 4 is calculated by the equation

1 21+D,, 21+DGa
My = J w2)dz, Mgy= f wu(z)dz,

21 2]
(A11)

where u(z) is the magnetization profile (Fig. 4), z; is the
depth at which the Gd layer starts and Dgy is its thickness.
wd is given by the equation (A8) and has the value of 0.38
(see legend of Fig. 5).
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