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Role of the nonmagnetic underlayer in controlling the electronic structure
of ferromagnet/nonmagnetic-metal heterostructures
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Heterostructures comprising of ferromagnet and nonmagnetic metal (NM) interfaces capable of generating
spin torque are crucial for next-generation ultrafast magnetic switching devices. Here we present the effect of
change of NM underlayer with different spin-orbit coupling (SOC) strength on the spin-dependent electronic
structure of quintessential heterostructures of CoFeB/NM. The results reveal deviations from the conventional
expectation of the dependence on the strength of SOC of the NM layer. Dichroic photoemission measurements
indicate that the spin polarization of the ferromagnetic CoFeB layer is higher with the weaker-SOC Cu
underlayer than that with the stronger-SOC Ta, Pt, and W underlayers. The phase space of the unoccupied
electronic states near the Fermi level is found more for the W underlayer system than that of the Cu and Ta
underlayer systems.
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I. INTRODUCTION

Spin transport across ferromagnet (FM) / non-magnetic
metal (NM) is a subject of intense research both for the fun-
damental understanding of interface phenomenon and from
the application point of view in spintronics [1–5]. The various
effects of spin transport, like spin pumping (SP), spin orbit
torque (SOT), and spin transfer torque (STT) are found to vary
based on the nature of the FM/NM layer combination and
their spin-orbit coupling (SOC) strength [6–10]. These spin
transport effects in FM/NM heterostructures are key factors
for ultrafast low-power switching of the magnetic state of
the free layer in magnetic tunnel junction (MTJ). The spin
transport across the interfaces depend on the spin dependent
electronic structure of the FM layer that gets tuned by the
presence of NM underlayer. Therefore, it is important to
understand the electronic structure evolution of FM/NM as
a function of NM layer vis-a-vis observed interfacial spin
dynamics and spin transport characteristics. However, an NM
layer-dependent electronic structure study in conjunction with
spin transfer properties across the FM/NM heterostructure
interface has been missing.

CoFeB-based MTJ grown on top of the NM layer is
considered as a quintessential technologically relevant het-
erostructure for spin torque applications [11–14] that will
allow the implementation of the next-generation STT and
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SOT-based magnetic switching devices [15–19]. Therefore,
CoFeB/NM provides an ideal model system for under-
standing FM/NM interface spin property correlation with
electronic structure. Ultrafast optical and electrical studies are
being extensively pursued to understand and control the spin
dynamics, SP, and spin torque efficiencies in CoFeB/NM het-
erostructures with NM underlayers varied from 4d/5d heavy
metals to 3d transition metals [11,20–24]. It is proposed that
the observed spin transport properties are related to the in-
creasing strength of the SOC in the NM layer. However, this
cannot explain the observed diverse dependence of various in-
terfacial spin-dependent parameters [11,20,24]. For example,
the interfacial spin chemical potential shows opposite behav-
ior wherein it is higher for the Cu (3d-element) underlayer
system compared to that of W, Pt, Ta (5d-elements) under-
layer system [20]. Interestingly, the CoFeB/W system shows
much higher spin mixing conductance than the CoFeB/Ta,
CoFeB/Pt, and CoFeB/Cu systems. Harmonic Hall measure-
ments show CoFeB/W has more substantial higher-order SOT
effects than the CoFeB/Ta [11]. These observations necessi-
tate the study of how the spin-dependent electronic structure
of the magnetic layer in the heterostructure gets affected by
the presence of an NM underlayer.

Here, we unravel the electronic structure variation of the
CoFeB/NM heterostructures with change in the NM layer
from Cu (3d-element with weak-SOC) to 5d elements (with
strong-SOC) of Ta, Pt, and W using dichroic hard X-ray
photoemission spectroscopy (HAXPES) measurements. In-
triguingly our results demonstrate that the spin polarization
of the magnetic CoFeB layer gets affected by the presence
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of the NM layer which cannot be directly attributed to a
change in the strength of SOC of the NM layer. Furthermore,
the change in the phase space of the unoccupied states near
the Fermi level in these FM/NM heterostructures is found
to be uncorrelated to the SOC of the NM layer. A major
problem in obtaining electronic structure information from
heterostructures comprising of buried layers is that the con-
ventional photoemission techniques are surface sensitive and
have insufficient information depth. The advantage of using
HAXPES is that it enables determining the electronic struc-
ture measurements of buried layers in a heterostructure due
to the enhanced inelastic mean free path of the photo-emitted
electrons [25,26]. On the other hand, excitation with circular
polarized X-rays leads to spin-selective dichroic photoemis-
sion from the 2p-core level of the ferromagnetic layer [27–31].

II. EXPERIMENTAL METHODS

For this study, Si/SiO2/NM(10)/Co20Fe60B20(5)/MgO
(2)/Al2O3(10) heterostructures having interfacial roughness
of less than 2Å were grown using sputtering technique at
a base pressure of 10−8 Torr on Si/SiO2 substrates [20].
The numbers in the parenthesis denote the thickness of
layers in nanometers. Cu, Ta, and W were used as dif-
ferent NM underlayers. Al2O3 serves as the capping layer
that prevents degradation of the underlying heterostructure.
The details of growth and physical characterization of the
NM/CoFeB/MgO heterostructures have been reported previ-
ously [20]. The M-H measurements on these samples have
been reported previously and the samples show in-plane easy
axis of magnetization with a ratio of about 0.65 for remanent
to saturation magnetization [20].

Room temperature HAXPES experiments were conducted
at hard X-ray photoelectron spectroscopy beamline at PETRA
III (DESY, Hamburg) synchrotron facility [32]. The measure-
ments were carried out using X-ray photons having 6 KeV
energy that provided sufficient inelastic mean free path for the
photoemitted electrons. This allowed the electronic structure
information to be obtained from the buried magnetic layer in
the NM/CoFeB heterostructure. The X-ray photons were set
at 6 KeV energy using Si(311) reflection of a double crystal
monochromator yielding high degree of energy resolution.
The X-ray photons were incident on the sample at a grazing
incidence angle of 5◦ and measurements were made at normal
emission using a SPECS PHOIBOS 225 HV hemispherical
electron energy analyzer. For dichroic HAXPES, circularly
polarized X-ray photons were used and the samples were
in-situ remanently in-plane magnetized inside the UHV cham-
ber. The circular polarization was obtained by an in-vacuum
diamond single crystal based phase retarder. The photon he-
licity was switched between left (σ−) and right (σ+) circular
polarization for dichroic measurements.

In a photoemission experiment a core-electron is photo-
emitted leaving behind a core-hole. In a magnetic material
the spin of this core-hole interacts with the spin-polarized
valence electrons through an effective spin/magnetic field that
depends on the strength of spin polarization of the valence
state near Fermi level [33,34]. This can cause splitting of
core-hole state whose strength shall depend on the spin polar-
ization of the valence state. This splitting leads to dichroism

in photoemission signal for opposite polarization of photo-
excitation. Additionally, spin of core-hole can interact with
orbital moment of valence state through spin-orbit interaction
that can lead to spin-orbit split core-hole bands [33]. In case
of Fe-2p and Co-2p photoemission, spin-orbit split peaks are
well separated allowing for a clear study of spin-polarized va-
lence electron mediated splitting of 2p-core-levels [27,28,33].
Therefore, through dichroic photoemission study on 2p-levels
it is possible to study the behavior of spin polarization in
magnetic materials [33,34].

III. RESULTS AND DISCUSSION

Figure 1 shows dichroic photoemission spectra of Fe-2p
core level recorded for CoFeB/NM (NM = Cu, W, Ta, Pt)
heterostructures. The spectra show the typical spin-orbit split
peaks corresponding to the Fe-2p3/2 and Fe-2p1/2 states sep-
arated by about 13eV [35]. The σ+ and σ− spectra show
[Figs. 1(a)–1(c)] clear dichroism. This difference can be un-
derstood as a combination of the change in photon-electron
coupling strength for the different helicity of polarized light
and the lifting of spin degeneracy of core level due to the
exchange interaction of core-hole spin with the spin polariza-
tion of the valence band [27–31]. The exchange interaction
can be thought of as an effective magnetic field (Hs) that lifts
the degeneracy of the spin-orbit split Fe 2p3/2 and Fe 2p1/2

core levels into different m j states where former splits in m j

= -3/2, -1/2, 1/2, 3/2 levels and the latter splits in m j =
1/2, -1/2 levels [29]. In the strong spin-orbit coupling limit
the energy shifts of the | j, mj〉 sublevels due to Hs, is given
by [29]

Ej,mj = Hsmj
j( j + 1) + s(s + 1) − l (l + 1)

2 j( j + 1)
. (1)

Therefore, for Fe-2p3/2 (j = 3/2) peak, the m j = -3/2
and +3/2 are respectively the lowest and highest binding
energy state. While m j = 1/2 and -1/2 are respectively the
lowest and highest binding energy state for Fe 2p1/2 peak.
The maximum coupling between photon and electron occurs
when the angular momentum (Jz) of the former aligns with
total angular momentum of the latter [33,35]. This leads to
reduced emission from m j = -3/2 and -1/2 states for σ+ (Jz

= +1) excitation. While for σ− (Jz = -1) excitation emission
is reduced from m j = 3/2 and 1/2 states.

The dichroic asymmetry of Fe-2p spectra was calculated
[Figs. 2(a)–2(d)] by normalizing the difference of σ+ and σ−
spectra with the sum of maxima of the two spectra. Intrigu-
ingly, there is a strong variation in the asymmetry of Fe-2p
photoemission (Fig. 2) for different NM underlayer systems,
although the signal arises from the magnetic CoFeB layer. The
highest asymmetry is observed [Fig. 2(d)] in Cu underlayer
heterostructure with a maximum value reaching up to 0.21.
On the other hand, the dichroic asymmetry of the heavy metal
underlayer systems based on Ta, Pt, and W show similar
asymmetry behavior with a maximum value reaching around
0.9 which is less than half of that observed in the CoFeB/Cu
heterostructure. These observations are further corroborated
by similar NM layer dependence of dichroic photoemission
[Figs. 3(a)–3(d)] and dichroic asymmetry [Figs. 4(a)–4(d)]
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(a) (b)

(c) (d)

FIG. 1. Dichroic Fe-2p HAXPES intensity (Iσ±
) versus binding energy data recorded using right σ+ and left σ− polarized X-ray photons

recorded on (a) CoFeB/Ta, (b) CoFeB/Pt, (c) CoFeB/W, and (d) CoFeB/Cu heterostructures.

of Co-2p core level for CoFeB/NM heterostructure. As the
strength of dichroic asymmetry depends on the strength of
interaction between the core-hole and the spin polarization
of the valence band [27,29], the higher asymmetry is in-
dicative of higher spin polarization. Therefore, the dichroic

photoemission measurements indicate that CoFeB/Cu sys-
tem has higher spin polarization than the heterostructures of
CoFeB/Ta, CoFeB/Pt, and CoFeB/W, where the latter three
have comparable values. This is interesting as Ta, Pt, and W
(5d elements) have higher intrinsic spin-orbit coupling (SOC)

(a) (b)

(c) (d)

FIG. 2. Calculated Fe-2p dichroic asymmetry ((Iσ− − Iσ+)/(Iσ+
max + Iσ−

max)) for (a) CoFeB/Ta, (b) CoFeB/Pt, (c) CoFeB/W, and
(d) CoFeB/Cu heterostructures.
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(a) (b)

(c) (d)

FIG. 3. Dichroic Co-2p HAXPES intensity (Iσ±) versus binding energy data recorded using right σ+ and left σ− polarized X-ray photons
recorded on (a) CoFeB/Ta, (b) CoFeB/Pt, (c) CoFeB/W, and (d) CoFeB/Cu heterostructures.

than Cu (3d element) which is opposite to the observed indi-
cation of spin-polarization dependence on the NM layer in the
CoFeB/NM heterostructures. Therefore, these results show
that the spin polarization of the magnetic layer gets affected
in proximity to the nonmagnetic layer and this change does
not necessarily vary with the strength of the SOC of the NM
layer.

The NM layer dependence of spin polarization of FM/NM
heterostructure has an important consequence on the spin
accumulation at the interface and consequently on the in-
terfacial spin chemical potential. This can be understood
based on Mott’s two-current model that assumes conductivity
of the majority and minority spin channels as independent
and different [36]. A consequence of which in FM/NM

(a) (b)

(c) (d)

FIG. 4. Calculated Co-2p dichroic asymmetry ((Iσ− − Iσ+)/(Iσ+
max + Iσ−

max)) for (a) CoFeB/Ta, (b) CoFeB/Pt, (c) CoFeB/W, and
(d) CoFeB/Cu heterostructures.
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FIG. 5. Representative picture of spin dependent chemical potential (μ) for ferromagnet/non-magnetic metal interface in presence of
current flow from (a) a high-spin polarized FM layer to NM layer and (b) low-spin polarized FM Layer to NM layer. Representative density of
states for high- and low-spin polarization at the Fermi level for the FM layer is shown at the lower panel.

heterostructure is lower resistance to minority spin flow in the
NM layer causing depletion of minority spins at the FM/NM
interface [37]. This leads to accumulation of majority spins at
the interface [36,38]. On the other hand, the spin accumulation
determines the strength of interfacial spin chemical potential
(μs) [37]. Therefore, higher spin accumulation should lead
to higher interfacial spin chemical potential (μs) in FM/NM
heterostructure having higher spin polarization (Fig. 5 shows
a representative picture). The larger spin polarization of the
FM layer implies more occupied majority spin states while
less occupied minority spin states at the Fermi level (bot-
tom panel Fig. 5). Therefore, our observation of higher spin
polarization for CoFeB/Cu system may lead to higher spin
accumulation in CoFeB/Cu compared to that of CoFeB/NM
(NM = W, Pt, and Ta) heterostructures. Such an interfacial
spin accumulation can exert spin torque on the neighbor-
ing FM layer [39]. This variation in spin accumulation in
the CoFeB/NM heterostructure is corroborated by previ-
ously reported μs values measured on these samples using
magnetization dynamics measurements based on TR-MOKE
technique [20]. TR-MOKE measurements have yielded a μs

value of ≈1.45 eV in CoFeB/Cu that is an order of magni-
tude higher compared to that in CoFeB/W, CoFeB/Pt, and
CoFeB/Ta heterostructures [20]. Table I shows a comparison
of values of μs obtained from TR-MOKE measurements [20]
and normalized dichroic asymmetry for Fe-2p.

Figure 6 shows the background subtracted Fe-2p3/2 spectra
recorded using X-ray photons without circular polarization.
The data shows the typical asymmetric shape for metallic
systems with a tailing due to spectral weight shift towards the
higher binding energy side [40,41]. The tailing is related to
the energy loss of the photo-emitted electron due to transfer
of energy leading to many small excitations (inset Fig. 6)

of the valence edge electrons to the available unoccupied
states above the Fermi level [40,41]. Therefore, the degree
of tailing indicates the availability of unoccupied states for
the electrons. The data show that the CoFeB/W has more
significant spectral weight shift towards higher binding energy
than in CoFeB/Ta, CoFeB/Pt, and CoFeB/Cu. The latter
three have similar behavior. This is interesting as it suggests
that a larger phase space of unoccupied states near the Fermi
level is available for the electrons in the case of CoFeB/W.
This may be related to higher density of unoccupied states
near the Fermi level for W, as found in electronic structure
calculations [42]. Though the SOC strength of W, Pt, and Ta
are similar while that of Cu is much weaker, the unoccupied
states for Fermi-level electrons is more in the W underlayer
system than that in the Ta, Pt, and Cu underlayer systems. This
indicates that the degree of available uncoupled states near
the Fermi level in FM/NM heterostructure though is affected
by the underlayer but it does not directly correlate with the
SOC strengths of the NM layer. Fermi-level electrons are the
ones responsible for carrying spin currents, therefore, this NM
underlayer-dependent change in unoccupied states near the

TABLE I. The value of μs as obtained in a previous TR-MOKE
study [20] and maximum normalized dichroic asymmetry for Fe-2p
for different NM underlayer systems.

NM underlayer μs (eV) Normalized dichroic asymmetry

Cu ≈1.46 [20] 0.21 (±0.005)
Pt ≈0.12 [20] 0.1 (±0.005)
Ta ≈0.26 [20] 0.095 (±0.005)
W ≈0.1 [20] 0.097 (±0.005)
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FIG. 6. Background subtracted normalized Fe-2p3/2 spectra
recorded for CoFeB/ NM heterostructure for W,Ta, Pt, and Cu un-
derlayers using linearly polarized X-ray photons. Normalization is
done with respect to the peak intensity of the respective spectra.
Shirley background has been subtracted from the data (cf Supple-
mental Material [46]). The square box indicates the region of tailing
where clear differences are observed for the W underlayer system
compared to that of Ta, Pt, and Cu systems. The inset shows a
representative picture of loss of energy of the photo-emitted Fe 2p
core level electron in creating small energy excitations (shown by
dotted arrows across the Fermi level) from valence band (VB) to the
conduction band (CB).

Fermi level should affect the spin transport properties such
as magnetic Gilbert damping and spin-mixing conductance
across the interface of FM/NM heterostructure.

Magnetic Gilbert damping is understood by generalized
torque correlation models arising due to spin-orbit torque
induced scattering between electronic states, wherein the scat-
tering term is weighted by the spectral overlap and the density
of states near the Fermi level [43,44]. For such scattering to
occur unoccupied states are required. Therefore, any change
in availability of unoccupied states shall affect the rate of
electronic scattering and consequently the magnetic damp-
ing. Thus, the observed increase in unoccupied states for
scattering in CoFeB/W should lead to an increase in mag-
netic damping. This explains and reconciles with the earlier
TR-MOKE measurements [20] where a much higher value
of magnetic damping of around 0.024 is found in the case
of CoFeB/W compared to a lower value of less than 0.015
for heterostructures with Ta, Cu, and Pt underlayers [20].

Furthermore, the spin-mixing conductance determines the
interface transparency for spin current across the FM/NM
layer [8]. The higher the spin mixing conductance, the better
is the transmission of spin current ac ross the interface and
consequently the better are the spin torque effects [8]. On
the other hand the spin mixing conductance is proportional
to the reflection matrix of scattering states at the Fermi energy
of the normal and ferromagnetic metal [45]. Therefore, the
availability of more unoccupied states near the Fermi level
for CoFeB/W heterostructure should provide more scattering
states that should lead to higher spin-mixing conductance.
This is corroborated by the previous measurements of three
times higher spin-mixing conductance in CoFeB/W com-
pared to that of CoFeB/Ta and CoFeB/Cu [20].

IV. CONCLUSION

To conclude, through spin selective dichroic hard X-ray
photoemission studies on FM/NM spin torque heterostruc-
ture, we have presented the effect of the nonmagnetic layer
with varying SOC strength on the spin-polarized electronic
structure of the ferromagnetic layer and on the availability of
the unoccupied electronic states near the Fermi level. A com-
prehensive study for different NM underlayer having weak to
strong SOC strength has been carried out on the technologi-
cally important class of CoFeB/NM system that also serves
as a quintessential model system for spin transfer effects at
FM/NM interfaces. The results show that the effect of the NM
layer on the electronic structure that determines the interfacial
spin transfer properties cannot be accounted for within the
conventional consideration based on the strength of SOC of
the NM layer. These results present critical insights into the
electronic structure of spin torque generating FM/NM het-
erostructures that will open new avenues both for fundamental
understanding and for designing and controlling spin transfer
properties across FM/NM heterostructures.
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