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Influence of the Fe content on the Gd magnetic ordering temperature in Ni1−xFex/Gd multilayers
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We explore the influence of Fe content on the interfacial magnetic properties of Ni1−xFex(50 Å)/Fe (t Å)/
Gd(50 Å)/Fe (t Å)/Ni1−xFex(50 Å) (x = 0.2 and 0.6, and t = 0 and 10 Å) multilayers by means of element-specific
x-ray magnetic circular dichroism measurements at Gd M5 and (Ni, Fe) L2,3 absorption edges, superconducting
quantum interference device magnetometry, and specular reflectivity measurements. Increasing Fe content in the
Ni-Fe layer enhances the Gd ordering temperature in the interfacial regions. Addition of a 1-nm Fe spacer results
in the largest enhancement in Gd ordering temperature in both interior and interfacial Gd regions, even for high
Ni content in the Ni-Fe layer. This indicates that the Fe spacers act as effective barriers (albeit imperfect) in
reducing Gd-Ni contact interactions responsible for limiting the interfacial Gd magnetic ordering temperature to
values larger than bulk Gd, but significantly lower than observed at Fe/Gd interfaces.
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I. INTRODUCTION

Magnetic alloys and multilayers consisting of transition
metal (TM) and rare-earth (RE) elements exhibit a plethora
of interesting magnetic properties stemming from their dis-
similar properties. While TMs have strong direct exchange
interactions and weakly anisotropic magnetism, REs display
weak indirect exchange interactions but strongly anisotropic
magnetism (with the exception of isotropic Gd). Furthermore,
the sign of exchange coupling between TM 3d moments
and RE 4f moments varies from ferromagnetic (light REs)
to antiferromagnetic (heavy REs), providing additional tun-
ability, especially at interfaces.1 The dissimilar saturation
magnetization and Curie temperature of TM and RE layers,
together with antiferromagnetic interfacial coupling, causes
TM/RE multilayers to exhibit peculiar temperature depen-
dence in magnetization, such as a compensation temperature at
which the magnetization reaches a minimum value.1,2 Among
the RE/TM heterostructures, Fe/Gd multilayers have been
the most intensively studied systems.3–10 The absence of
diffusion together with a large enhancement of the Gd ordering
temperature from 293 K up to ∼1020 K at Gd/Fe interfaces
has shown the potential application of these heterostructures.5

The combination of Gd and permalloy (or Ni-Fe alloys)
has the potential to add additional tunability with implications
for future technologies. Recently, permalloy doped with Gd
has been used to alter the spin-transfer velocity in magnetic
nanostripes,11,12 which are the base for future racetrack mem-
ory technology.13 The antiferromagnetic coupling between Fe
and Gd has also been exploited in permalloy/Gd interfaces14

and Fe/Gd interfaces6 to generate in-plane domain walls of
great value for fundamental transport studies.

Finally, we should also mention that one of the problems
associated with the drastic size reduction of the read heads in
hard drives is the enhanced noise coming from the spin transfer
torque.15 Recently, there have been some successful attempts
at increasing the critical current for spin transfer torque
by including RE impurities in permalloy (Ni-Fe alloys).16,17

Interestingly, while most lanthanides increase the damping of
the permalloy, Gd does not significantly. This situation might
be different if the Gd is not introduced as an impurity but rather
in a stable trilayer Fe/Gd/Fe heterostructure.

Therefore, while the properties of the Fe/Gd interface
have been widely studied, the permalloy/Gd interface is less
understood. The potential for tailoring the magnetization,
coercivity, and damping properties of the permalloy for future
technologies is a main motivator of our study. In particular, it is
important to know how efficient a thin Fe layer is for blocking
Ni diffusion into the Gd layer.

In this paper, we report on the effect of a changing Ni-Fe
composition on the magnetic behavior of Ni-Fe/Gd interfaces.
We have measured x-ray magnetic circular dichroism (XMCD)
at the L2,3 edges of Ni and Fe and the M5 edge of Gd to
probe the 3d magnetism of TM and the 4f magnetism of
Gd, respectively. Our results show that the interfacial Gd
magnetism is strongly affected by the composition of the
neighboring Ni-Fe layer: increased Fe content in the Ni-Fe
alloy promotes the enhancement of the interfacial Gd ordering
temperature, with the largest effect observed in samples where
a 1-nm Fe spacer is introduced between Gd and Ni-Fe layers.

II. EXPERIMENTAL

The samples were grown at room temperature by sputtering
onto oxidized Si(100) substrates. The nominal structure of
the multilayers is Ni1−xFex(50 Å)/Fe (t Å)/Gd(50 Å)/Fe
(t Å)/Ni1−xFex(50 Å) (x = 0.2 and 0.6, and t = 0 and 10 Å).
Hereafter, we denote the samples without the Fe spacer layer
(t = 0 Å) as Ni8Fe2 and Ni4Fe6 and with the Fe spacer (t =
10 Å) as Ni8Fe2/Fe and Ni4Fe6/Fe. To protect the samples
against oxidation, Ta (30 Å) buffer and Au (50 Å) capping
layers have been used. The base pressure was below 6 ×
10−8 Torr, and the growth conditions were an Ar pressure of
5 mTorr and a dc power of 20 W for the Gd, 50 W for the Ta,
and 60 W for the rest of the layers.
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FIG. 1. (Color online) Measured and fitted reflectivity curves at six incident x-ray energies for (a) Ni8Fe2 and (b) Ni4Fe6. Depth profile of
the real part of the scattering length density (SLD) at 7224 eV for (c) Ni8Fe2 and (d) Ni4Fe6. The lines in black are the fitted SLD profiles
before roughness effects are accounted for, and the lines in purple/medium gray are the roughness-convoluted SLD profile.

The magnetic characterization was performed by supercon-
ducting quantum interference device (SQUID) magnetometry
and XMCD. The film chemical structure was characterized us-
ing x-ray reflectivity and x-ray absorption near-edge structure
(XANES) spectra measurements at beamline 12-BM of the
Advanced Photon Source at Argonne National Laboratory. The

XMCD measurements were performed at beamline 4-ID-C
of the Advanced Photon Source. X-ray magnetic circular
dichroism hysteresis loops were recorded at fixed x-ray helicity
at Ni and Fe L2,3 edges (851.8 and 707.0 eV, respectively)
and at the Gd M5 edge (1181.8 eV). X-ray magnetic circular
dichroism spectra were collected in helicity-switching mode

TABLE I. Thickness (t) and roughness of the bottom side of each layer (ρ) inferred from the x-ray reflectivity fittings. Atomic composition
and densities were set to their nominal values in the reflectivity fits. Error bars in fitted values are in the 2–5 Å range.

Bottom Ni1−xFex Fe interlayer Gd Fe interlayer Top Ni1−xFex

Sample t (Å) ρ (Å) t (Å) ρ (Å) t (Å) ρ (Å) t (Å) ρ (Å) t (Å) ρ (Å)

Ni8Fe2 56.1 5.2 53.9 4.9 54.7 9.1
Ni8Fe2/Fe 54.5 6.0 12.1 5.7 57.4 6.2 11.6 4.3 54.2 4.4
Ni4Fe6 72.3 3.4 57.8 4.3 67.9 4.8
Ni4Fe6/Fe 69.0 3.1 13.8 9.5 55.2 4.7 14.3 10.0 71.7 8.2
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FIG. 2. (Color online) X-ray absorption near-edge structure spectra at the (a) and (b) (Ni, Fe) K edges and (c) Gd L3 edge. The black line
represents the Ni8Fe2 sample, while the red/dark gray one is used for the Ni8Fe2/Fe sample.

at several temperatures in an external magnetic field of
200 Oe applied parallel to the x-ray wave vector (XMCD
measurements were repeated in reversed applied field to verify
full sign reversal). The x-ray incident angle was fixed at 10◦,
and measurements were done in total fluorescence yield (TFY)
mode. X-ray magnetic circular dichroism data were collected
by recording the helicity-dependent TFY intensities, I+ and I−,
as a function of incident x-ray energy. Hereafter, we define the
XMCD signal as the asymmetry ratio (I+ − I−)/(I+ + I−). The
probing depth of our measurements was such that all magnetic
layers contributed to the XMCD signal, as estimated using
experimental absorption coefficients previously measured by
us for Fe and Ni films and in Ref. 7 for Gd.

III. RESULTS AND DISCUSSION

X-ray reflectivity measurements were performed below and
near each of the Gd L3, Ni K, and Fe K absorption edges, in
order to increase elemental sensitivity to Gd, Ni, and Fe in the
refined charge density profiles. Grazing incidence reflectivity
curves in specular condition were analyzed using Parratt’s
recursive formula.18 From the XANES measurements, atomic
scattering factors for resonant Gd, Ni, and Fe elements
(together with related dispersive corrections δ(E), β(E) to
the index of refraction) were obtained. These values were
used in the reflectivity analysis along with tabulated scattering
factors for nonresonant elements. We used one layer-structure
to fit all reflectivity curves measured at the six different on/off
edge energy values. Measured and fitted reflectivity curves for
Ni8Fe2 and Ni4Fe6 are shown in Fig. 1, which also shows the
scattering length density profiles from the fits with and without
roughness. The reflectivity fittings show that individual layers
are thicker than nominal values. While the Gd, Ni8Fe2, and
Fe layers are 2–8 Å thicker, the Ni4Fe6 layers are about 20 Å
thicker than nominal values (Table I). Since we focus on the
magnetism of the Gd/Ni-Fe interface, we expect that variations
in Ni-Fe layer thickness from sample to sample would be less
critical than variations in the composition of the Ni-Fe layer,
the presence (or not) of an Fe interlayer, and the interfacial
roughness. We note that the fitted roughness may include
contributions from interfacial mixing (random roughness
due to interdiffusion) in addition to structural roughness
(topological height fluctuation) since their contributions to
specular reflectivity cannot be discriminated. Typical Gd, Ni,

and Fe XANES spectra are shown in Fig. 2, evidencing the
metallic character of all layers with no signatures of oxidation.

We have recorded XMCD hysteresis loops in TFY mode
for each element (Ni, Fe, and Gd) at different temperatures

FIG. 3. (Color online) (a) X-ray magnetic circular dichroism
hysteresis loops in fluorescence mode measured at the Gd M5

absorption edge (1181.8 eV) at T = 30 K for the samples Ni8Fe2

(�), Ni8Fe2/Fe (�), Ni4Fe6 (◦), and Ni4Fe6/Fe (•). The loops are
shifted vertically for clarity. (b) Temperature-dependent SQUID
magnetometry data for the samples Ni8Fe2 (�), Ni8Fe2/Fe (�),
Ni4Fe6 (◦), and Ni4Fe6/Fe (•). We have included as an example the
TM achieved for the sample Ni8Fe2.
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to analyze the alignment of the magnetic moments relative to
the applied magnetic field direction. We present these loops
at 30 K because, at this temperature, the Gd magnetization
is larger, allowing us to more easily probe for canting of
magnetization away from the field direction. The Gd XMCD
loops exhibit negligible field dependence between 50 and 150
Oe [Fig. 3(a)]. The Fe and Ni XMCD loops (not shown
here) also exhibit flat lines within the same field range.
This reveals that Fe, Ni, and Gd magnetic moments remain
collinear with the applied field within the field range used
in XMCD and SQUID measurements. By collinear, we mean
that the (Ni, Fe), and Gd moments are not canted but rather
parallel and antiparallel to the field, respectively. At all the
studied temperatures, we have observed that the Fe and Ni
XMCD loops were inverted in sign relative to Gd XMCD
loops, reflecting an antiparallel alignment between the (Fe, Ni)
magnetic moments and Gd. Variations in the coercivity seen in

Fig. 3(a) are attributed to both extrinsic and intrinsic factors.
Namely, the structural quality of the magnetic layers, i.e. the
degree of polycrystallinity and roughness of the layers, the
magnetic anisotropy of Ni1−xFex and Gd layers, and proximity
to the sample’s compensation temperature, are all expected to
have an effect on the Gd coercivity.

Figure 3(b) shows the temperature dependence of the
magnetization measured by a SQUID magnetometer in an
applied field of 75 Oe. The magnetization is obtained using
the Ni1−xFex , Fe, and Gd thicknesses obtained from fits of
the x-ray reflectivity. The SQUID measurement is sensitive
to the net magnetization from both Ni-Fe (or Ni-Fe/Fe) and
Gd layers. The nominal TC value of bulk Gd is 293 K, while
the TC of Ni-Fe and Fe should be much higher than 300 K.
Therefore, the magnetization of Fe and Ni-Fe layers is not
expected to show significant temperature dependence below
T = 300 K. The observed changes in magnetizations in

FIG. 4. (Color online) X-ray magnetic circular dichroism spectra across Gd M5, and (Ni, Fe) L2,3 edges at different temperatures. The
asymmetry ratios are plotted as a function of the incident x-ray energy for (a) Ni8Fe2, (b) Ni8Fe2/Fe, (c) Ni4Fe6, and (d) Ni4Fe6/Fe. The first
column reflects the XMCD spectra across the Gd edge M5 edge, the second column across the Ni L2,3 and the third column across the Fe L2,3

edge.
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Fig. 3(b) can be attributed to changes in Gd magnetization,
which decreases significantly as the temperature approaches
300 K. The absence of a compensation temperature down to
5 K, together with a collinear magnetic structure observed in
XMCD measurements at 75 Oe shows that the Gd (Ni-Fe)
magnetization is aligned antiparallel (parallel) to the applied
field at all temperatures in this applied field. We note that a
canting of Gd moments, driven by a gain in Zeeman energy, is
not likely at temperatures higher than 30 K due to the reduced
Gd magnetization. This assignment is confirmed by XMCD
measurements showing opposite sign of Gd M5 and (Ni, Fe)
L3 XMCD signals at all temperatures (Fig. 4).

The SQUID data in Fig. 3(b) show an increase of mag-
netization up to a certain temperature (TM ) that depends on
both the composition of the Ni-Fe layers and the sample
layer structure (TM values summarized in Table II). This
TM has been inferred from the change of slope observed in
the temperature dependence of the magnetization. Although
TM is qualitatively obtained, it provides a starting point
for the two-layer model fittings used in describing the Gd
magnetization, as discussed below. The sample with the lowest
Fe content (Ni8Fe2) also has the lowest TM , with the net
magnetization quickly reaching a plateau as the temperature
approaches around 115 K. As the temperature increases
further, the net moment continues to increase, albeit at a

TABLE II. Magnetization inflection point, TM , inferred from
temperature-dependent SQUID data. Values of ordering temperature
for Gd central region (TC1), interfacial region (TC2), and thickness of
interfacial regions with enhanced ordering temperature (d2) inferred
from the fitting of Gd-integrated XMCD signal with a two-layer
model described in Ref. 5.

Sample TM (K) TC1 (K) TC2 (K) d2 (Å)

Ni8Fe2 115 150 450 10
Ni8Fe2/Fe 250 250 450 25
Ni4Fe6 140 150 500 18
Ni4Fe6/Fe 250 250 550 20

slower rate. This result suggests the presence of two regions
with different temperature response; namely, different ordering
temperature. Since we associate the temperature-dependent
magnetism of this collinear structure with that of Gd layers,
the two temperature regimes with rapidly (slowly) changing
magnetization are likely connected with regions within the Gd
layer displaying low (high) values of TC . A similar magnetic
configuration has already been reported in Gd/Fe multilayers
in which the inner Gd region has a reduced TC (208 K) from
that of bulk Gd (293 K).5 As the Fe content increases in the
layer neighboring the Gd layer by changing the composition of

FIG. 5. (Color online) (a)–(d) Gd asymmetry ratio as a function of temperature for all samples. The data have been normalized to T =
30 K in order to fit the data to a two-layer model (Ref. 5). We have included in each graph the parameters inferred from the model, TC1, TC2,
and d2.
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the Ni-Fe layer (Ni4Fe6) or with the introduction of Fe spacers
(Ni8Fe2/Fe and Ni4Fe6/Fe), the distinction between the two
temperature regimes becomes less pronounced. These results
indicate that the Gd magnetic ordering is indeed affected
by the composition of the neighboring layers. In particular,
the temperature dependence of the magnetization in the two
samples with Fe spacers is similar despite the different Fe
content in the Ni-Fe layers. Therefore, a 1-nm Fe spacer
appears to isolate the Gd layer from the Ni-Fe layers.

As already discussed, the temperature dependence of the
SQUID data is dominated by the temperature evolution of the
Gd layer. In order to clearly investigate this evolution further,
we have performed XMCD measurements at the Gd M5 edge.
Figures 5(a)–5(d) show the dependence of the Gd asymmetry
ratio on temperature. The Gd XMCD signal persists even
up to 400 K, well above the nominal TC of Gd (293 K).
In Fe/Gd multilayers, it has been shown that interfacial Gd
regions with enhanced TC exist near the Fe/Gd interfaces via
x-ray resonant magnetic scattering measurements at the Gd
L2 edge.5,7,10 It has been found that the enhancement of the
Gd ordering is localized to the interfacial region so that the
TC of the interfacial region (TC2) is much higher than that
of the interior Gd region (TC1).5 Our observation by XMCD
of sizable Gd magnetization above 300 K is consistent with
this scenario. As with the SQUID data, XMCD also shows
similar temperature dependence for the two samples with the
Fe-spacer layer [Figs. 5(b) and 5(d)] and similar behavior for
the two samples without the Fe spacer. For the latter, the sample
with a Ni8Fe2 layer composition has a smaller XMCD signal
at 400 K. From these four samples, one can see a clear trend
whereby the enhancement of Gd magnetization is strongly
correlated with the Fe composition in the neighboring layers
(x = 0.2, 0.6, and 1).

As seen in Fig. 4, the Ni and Fe XMCD spectra do not
change with temperature. Among Gd-Ni alloys, one can find
several ferromagnetic phases with Curie temperatures near or
below 100 K.19–21 In these alloys, the observed Ni moment
is typically reduced relative to the moment of pure Ni metal.
This is not the case, however, in Gd/Ni multilayer films without
interfacial alloy formation, where the magnetic moment of Gd
was measured by XMCD up to room temperature.22 Then, the
presence of a Gd-Ni alloy, which might be localized at the
Ni-Fe/Gd interfaces,23,24 is not consistent with the observation
of Gd magnetization above room temperature in our samples,
at least not in a laterally homogeneous sample. In addition,
our data show negligible temperature dependence of Ni and
Fe XMCD signals, so the presence of Gd-Ni alloys with a
low TC can be ruled out. Any alloy formation as a result of
intermixing is likely to be more pronounced in the Ni8Fe2

sample, as indicated by the fitted scattering length density
(SLD).

We fitted the Gd-integrated XMCD data to a two-layer
model5 in order to separate the ordering temperature of central
and interfacial regions. In Fig. 5, the square dots represent
the experimental values, whereas the (green/gray) solid lines
represent the fits to the two-layer model with the contributions
of central and interfacial regions denoted with black, dashed
lines. We note that our XMCD data, measured at a single
incident angle in TFY mode, cannot provide depth-resolved
information on the Gd magnetization. Rather, it provides the

Gd magnetization averaged over the probed volume (i.e. the
whole Gd layer based on x-ray penetration depth calculations
mentioned before). Thus, based on the XMCD data alone,
we cannot conclude whether the interfacial Gd region is
fully magnetized with the central Gd (interior) region being
paramagnetic or if the Gd layer is magnetized uniformly
with a reduced magnetization. However, it is reasonable to
assume that the Gd region near the Ni-Fe/Gd interfaces is
likely to show a different temperature dependence than that of
the interior Gd region, where the direct influence from the TM
layer is expected to be reduced. We have inferred TC1,TC2, and
d2, the latter being the spatial extent of the interfacial region
with enhanced ordering temperature. These are also reported
in Table II. The Fe content in the neighboring layers affects the
ordering temperature of both interior and interfacial regions of
the Gd layer. A TC1 value of 150 K is found in the samples
without Fe spacers, which is enhanced to 250 K in the samples
with Fe spacers, close to the Gd bulk value of 293 K. The
ordering temperature of interfacial region, TC2, is 450 K in
the sample with less Fe content and increases to 550 K as the
Fe composition in the neighboring layers (x = 0.2, 0.6, and
1) increases. Hence, the introduction of Ni in the Ni1−xFex

layers reduces the Gd ordering temperature in the interfacial

FIG. 6. (Color online) Gd XMCD data at 300 K. (a) Gd XMCD
spectra. (b) Areas under the Gd XMCD spectra for samples with
different Fe content.
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region in comparison to Fe/Gd multilayers where TC2 as high
as 1020 K was found. From the values of TC2, we can infer a
lower interfacial exchange coupling constant relative to that in
Fe/Gd multilayers.

In summary, we have studied in detail the evolution of
interfacial magnetism in Ni1−xFex /Gd heterostructures with
varying Ni-Fe composition; in particular, we focus on the
effect that an additional Fe spacer has on regulating the
magnetization of interior and interfacial regions of Gd layers.
For comparison, we have also studied a similar sample where
Co8Fe2 layers replace the Ni8Fe2 layers (Fig. 6). A sizable
Gd XMCD signal is evident in this sample at 300 K. The Gd
XMCD signal is much larger for Co8Fe2 than for Ni8Fe2 (same
Fe content), indicating that the interfacial exchange coupling
is stronger for Gd-Co than for Gd-Ni. This experimental result
agrees with results from first-principles calculations25 where
the exchange coupling, J , was found to satisfy JGd-Fe > JGd-Co

> JGd-Ni. In addition, we have shown that the use of thin Fe
spacers is beneficial for heterostructures combining Gd and
Ni-Fe layers as a possible means to enhance the exchange
coupling between the layers and enhance the Gd magnetization
in both interfacial and central regions.

IV. CONCLUSIONS

We have studied the effect of the Fe content on the ordering
temperature of Gd layers in Ni1−xFex /Gd heterostructures.
X-ray magnetic circular dichroism and SQUID magnetometry
have shown the presence of two different ordering temper-

atures in the Gd layer. Regardless of the Fe content, the
Gd region closer to the interface exhibits an enhanced Curie
temperature above 400 K. This is larger than bulk Gd (293 K)
but significantly lower than that found at Fe/Gd interfaces
(1020 K). The increase of Fe content in the layers neighboring
Gd has a remarkable impact on the magnetic properties of
Gd layers. Namely, it not only promotes enhancement of
magnetization in interfacial regions, but it also enhances the
ordering temperature of the interior of Gd layers. While
high Ni content in the Ni-Fe alloy suppresses Gd ordering
temperature, it suffices to add a 1-nm Fe spacer to recover
(and surpass) the gains in magnetization and ordering tem-
perature achieved by increasing Fe composition in the Ni-Fe
alloy. Thus, the Fe-spacer layers act as effective barriers in
reducing Gd-Ni interactions that are detrimental to robust Gd
magnetization.
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