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Absence of Zero-Bias Anomaly in Spin-Polarized Vacuum Tunneling in Co(0001)
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In a joint experimental and theoretical study, we investigate the bias-voltage dependence of the tunnel
magnetoresistance (TMR) through a vacuum barrier. The TMR observed by spin-polarized scanning
tunneling microscopy between an amorphous magnetic tip and a Co(0001) sample is almost independent
of the bias voltage at large tip-sample separations. Whereas qualitative understanding is achieved by
means of the electronic surface structure of Co, the experimental findings are compared quantitatively
with bias-voltage dependent first-principles calculations for ballistic tunneling. At small tip-sample
separations, a pronounced minimum in the experimental TMR was found at �200 mV bias.

DOI: 10.1103/PhysRevLett.90.116603 PACS numbers: 72.25.Mk, 68.37.Ef, 85.75.–d
spin-dependent way by local magnetic moments at the The resulting variations of the tunneling current were
Nowadays, spin-polarized tunneling (SPT) is of par-
ticular interest due to its applications in magnetic tunnel
devices and in magnetic imaging [1–3]. The field of
SPT was opened in the early 1970s, when Tedrow and
Meservey studied electron tunneling between a ferromag-
net and a superconductor through an amorphous barrier
[4] and Müller et al. analyzed the spin polarization of
field-emitted electrons from EuS coated W tips through
vacuum [5]. After Jullière had found the tunnel magneto-
resistance (TMR) effect, i.e., the dependence of the
tunneling resistance on the relative orientation of the
lead magnetizations [6], SPT was studied intensively.
Recently, magnetic tunnel junctions with reproducible
characteristics at room temperature were fabricated, al-
lowing one to elucidate the underlying physical mecha-
nisms [3,7–15].

However, SPT is still far from being completely under-
stood. Because of its importance for applications, a large
number of studies were devoted to the so-called zero-bias
anomaly, i.e., the decrease of the TMR with increasing
bias voltage in planar junctions [9,16–21]. Junctions made
of the same electrodes but with different insulating spacer
materials or even with identical but differently prepared
insulators vary considerably concerning the voltage de-
pendence of the TMR [6,7,12,20]. With the advances in
sample preparation, especially of the barriers, the bias
voltage which is sufficient to halve the TMR increased
from 3 mV [6] to 500–700 mV [12,20].

To explain this still puzzling behavior, several models
were proposed, which have in common that they relate
the TMR to the spin polarization. First, biasing of the
metal-insulator-metal junctions at finite temperature
leads to elastic tunneling of electrons mostly from the
Fermi energy of the negative electrode into unoccupied
states of the positive electrode [22,23]. The energy de-
pendence of the density of states (DOS) in the positive
electrode causes variations of the spin polarization that
translate into TMR variations [24]. This DOS effect was
observed in crystalline junctions [10]. Second, hot elec-
trons from the positive electrode might be scattered in a
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interfaces [9] or might create magnons [17]. Both effects
reduce the spin polarization and, consequently, lower the
TMR. Finally, Zhang and White suggested that incoher-
ent tunneling due to scattering at impurities or defects
located in the barrier reduces the spin polarization be-
cause the electrons tunnel via trap states [16]. This model
was supported by both experiment and theory [12,18,21].

Until now, a consistent picture of the zero-bias anomaly
has not been achieved. The difficulties are partly related
to the complex structure of the tunnel junctions which
often comprise poorly characterized amorphous barriers
that bring about higher-order SPT effects [16,19,20] and
complicate the theoretical treatment. However, by replac-
ing the insulator barrier by vacuum, one can rule out
defects in the spacer. Because the DOS effect, spin scat-
tering at the interfaces, and magnon creation remain, SPT
through a vacuum barrier allows one to identify the
responsible mechanisms for the bias-voltage dependence.

In this Letter, we report on a joint experimental and
theoretical investigation of the TMR between a Co(0001)
sample and an amorphous CoFeSiB tip through a vacuum
barrier as a function of bias voltage. By means of a spin-
polarized STM (SP-STM), a strong drop of the experi-
mental TMR with bias voltage is not found. To explain
qualitatively this absence of the zero-bias anomaly, we
performed first-principles calculations of the electronic
structure of semi-infinite Co(0001). Calculations for bal-
listic tunneling through planar Co(0001) junctions, which
take into account the bias voltage, corroborate our exper-
imental findings quantitatively. To summarize at this
point, the zero-bias anomaly can be attributed to scatter-
ing of electrons at defects in amorphous barriers. Magnon
creation appears to be less important.

Experimental.—All experiments were performed in
an ultrahigh vacuum chamber (p � 5� 10�11 mbar)
equipped with a SP-STM and standard surface character-
ization techniques [2,25,26]. The single-crystalline
Co(0001) sample and the magnetic tip were cleaned in
situ by Ar� sputtering. During scanning, the longitudinal
magnetization of the tip was switched periodically.
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FIG. 1. Tunnel magnetoresistance � and its error of a clean
Co(0001) surface vs bias voltage U, obtained with a magnetic
tip stabilized at 1 V, 1 nA (a) and at 100 mV, 1 nA (b).
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detected with a phase-sensitive lock-in amplifier, allow-
ing one to map the magnetic structure of the sample.
Measuring this way the average tunneling current and
its modulation between opposite tip magnetizations, the
TMR was determined directly, in analogy to the experi-
ments by Jullière. This approach differs from recent
SP-STM experiments by Bode et al. [1], in which the
differential conductance was measured. Their dI=dV
spectra contain information on the spin polarization as
well as on the local DOS and stress the role of spin-
polarized surface states in vacuum tunneling.

Tunneling images of both the topography and the
magnetic structure were recorded simultaneously at
room temperature. The typical dendriticlike perpendicu-
lar domain pattern of Co(0001) was observed, similar to
that seen with standard magnetic-imaging techniques
[27–29]. Applying an external magnetic field, the domain
pattern could be displaced while the topography image
did not move, thus proving the magnetic origin of the
contrast. Magnetic contrast due to mechanisms similar to
magnetic force microscopy was ruled out [28] and
changes of the tip-sample distance due to magnetostric-
tion were experimentally and theoretically shown to be
less than 0.1 pm [30]. Exposure of a few Langmuir of
oxygen or deposition of a few monolayers of Au on
Co(0001) caused a fading of the magnetic contrast, as
was observed for SPT in Au seeded planar tunnel junc-
tions [31].

To study the TMR as a function of the applied bias
voltage, we zoomed into a small area and recorded the
magnetic contrast (which is proportional to the TMR). In
each pixel of the images, the feedback loop was opened
for a short time such that the tip position was fixed. The
bias-voltage U was ramped while measuring the averaged
and the modulated tunneling currents It�U� and �I�U�,
respectively. The TMR, defined as the asymmetry �
of the tunneling currents for opposite tip magnetizations
( " and # ), was calculated from the ratio of these two
currents averaged over about 1000 pixels,

��U� �
I"�U� � I#�U�

I"�U� � I#�U�
�

�I�U�

2It�U�
: (1)

Since the TMR is proportional to the scalar product of the
tip and the sample magnetizations [32,33], the relative
change of the magnetic contrast in small-scale images
fully reflects the TMR obtained from parallel (P) and
antiparallel (AP) magnetic configurations, although the
sample magnetization is oriented only slightly out of the
surface plane (typically 10	) [27,29].

Theoretical.—To explain qualitatively and quantita-
tively the experimental results, we performed first-
principles relativistic Korringa-Kohn-Rostoker (KKR)
calculations for bulk Co and semi-infinite Co(0001).
Besides band structures and layer-resolved spectral den-
sities that provide qualitative insight, we obtained quan-
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titative support by TMR calculations for a planar junction
of two Co(0001) surfaces. Conductances G for P and AP
magnetic configurations were computed within the layer-
KKR scheme of tunneling proposed by MacLaren and
co-workers [34]. The time-consuming Brillouin-zone in-
tegration of the transmission was carried out by adaptive
mesh refinement [35]. In order to treat a bias voltage
between the leads in a simple model, the inner potentials
of the leads were kept fixed but differed by the voltage
drop �E. The potential of the tunnel barrier was taken as
a superposition of two surface barriers [36]. Hence, this
barrier interpolates smoothly between the respective sur-
faces. Note that the height of the tunnel barrier is deter-
mined by the distance d between the leads and by the
bias-voltage �E. This model should be valid in first
approximation for small �E and for large d. The TMR
is defined in analogy to Eq. (1) in terms of the averaged
conductances Gav �

R
�E G�E�dE=�E. Note that the the-

oretical TMR is symmetric with respect to the bias
voltage due to identical leads, in contrast to the experi-
ment (surface vs STM tip).

Results and discussion.—The measured TMR [37]
[Fig. 1(a)] obtained with the tip stabilized at 1 V, 1 nA ( 

7 �A above the sample surface) appears to be almost con-
stant for bias voltages up to �1 V. This absence of the
zero-bias anomaly is in clear contrast to the case of planar
tunnel junctions with insulating spacers. If spin-depend-
ent scattering at the interface magnetic moments and at
magnons were the prominent mechanisms for the de-
crease of the TMR, the latter should also be present in
our case. Its absence, however, indicates that these mech-
anisms are not dominant.

The probability for an electron to tunnel coherently
through a barrier with height Vb is proportional
to exp��2d

�������������������
2Vb � ~kk2

k

q
� [23,38]. Because it decays

stronger with tip-sample distance d for large transverse
crystal momentum ~kkk than for a small one, it gets ‘‘fo-
cused’’ at the Brillouin-zone center for large d. Therefore,
we concentrate in the following on the electronic
structure of the �–�–A direction ( ~kkk � 0). The band
structure [Fig. 2(a)] shows two very close but spin-orbit
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split minority bands (white) ranging from slightly below
the Fermi energy (0 eV) up to about 1 eV. Since their spin
polarization P is almost constant (P 
 �0:99 with
variation less than 0.01), an almost constant TMR is
expected, in agreement with the experimental findings.
For negative bias, the TMR is expected constant as
well because the electrons tunnel into the amorphous
tip, the spectral density of which should possess no sharp
features. Summarizing, the bulk electronic structure
corroborates qualitatively our experimental findings for
large d.

To support quantitatively the experimental finding, we
present in Fig. 3(a) the calculated averaged tunneling
conductances Gav integrated over the whole Brillouin
zone. As expected for a symmetric junction, these are
larger for the P than for the AP configuration. Further,
they decrease by almost 2 orders of magnitude when
increasing d from 2d0 � 4:07 �A to 3d0 � 6:11 �A (d0 �
2:035 �A, the Co interlayer distance). In agreement with
the preceding arguments, the TMR is almost constant
[Fig. 3(b)].

The TMR can be considerably changed for small bar-
rier widths because electronic states with large ~kkk can
contribute significantly to the tunneling current (cf. the
argument above) and tunneling via surface states can
become important also (for STM experiments, see, e.g.,
Ref. [38]). Figure 1(b) presents the experimental TMR
vs bias voltage obtained with the same tip as used for
large separations, but at a smaller tip-sample separation
( 
 5 �A; feedback conditions: 100 mV, 1 nA). In this case,
the bias voltage was limited to a smaller range (from
FIG. 2. (a) Spin-resolved relativistic band structure of bulk
hcp Co along the �–�–A direction (i.e., ~kkk � 0). The slid-
ing grey scale of the filled circles reflects the spin polarization
P: ‘‘majority’’ (P 
 1) black; ‘‘minority’’ (P 
 �1) white.
(b) Spin- and layer-resolved spectral density of Co(0001) at
~kkk � 0 for the first four surface layers (S, S-1, . . ., S-3) and a
bulk layer (B). The arrows mark surface states.
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�600 mV up to �600 mV) to avoid saturation of the I�V�
spectra. For negative bias, a constant TMR was still
observed, in agreement with the expected tip electronic
structure. For positive bias, however, the TMR showed a
strong minimum at 200 mV and was reduced above
400 mV. As the bulk states along the �–�–A direction
( ~kkk � 0) are mostly of minority character, one can spec-
ulate whether the dip is related to majority states with
large ~kkk or to a majority surface state reducing the TMR.
Indeed, inverse photoemission measurements revealed a
surface state in Co(0001) at about 200 meV [39,40] which
is also found in our calculations [black arrow in Fig. 2(b)]
[41]. At small tip-sample separations, the tunneling prob-
ability through this surface state might be enhanced, so
as to decrease significantly the TMR. This mechanism
could qualitatively explain the constant TMR for large
tip-sample separations and the minimum at small tip-
sample separations. Our tunneling calculations cannot
provide direct support because surface states lie in a
bulk band gap and, therefore, do not contribute to the
ballistic conductance. Nevertheless, it is conceivable that
the surface state contributes via scattering at steps or
other defects at the surface which breaks the ~kkk conser-
vation in ballistic tunneling [42] and by this reduce the
TMR. We note in passing that the TMR dip reported here
is not related to a drop in the TMR asymmetry between
forward and backward biasing observed by LeClair
et al. for a Co tunnel junction with insulating spacer
[43]. That feature was related to bulk states and not to a
FIG. 3. Theoretical spin-dependent tunneling through
Co(0001) planar junctions. (a) Averaged conductances Gav in
logarithmic scale for P (solid lines) and AP (dashed) config-
urations at various barrier widths d (triangles: d � 2d0,
squares: d � 3d0; in units of the Co interlayer distance d0) vs
bias voltage. (b) Tunnel magnetoresistance � obtained from the
data shown in (a).
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surface state. Eventually, the minority surface state
at about �430 meV which accounted for a consider-
able increase of the TMR in spin-polarized scanning
tunneling spectroscopy [44] is not expected to change
significantly the TMR of the total tunneling current
because its spin polarization is similar to that in the
bulk states [white arrow in Fig. 2(b)]. This is a striking
difference to the surface state at 200 meV.

Conclusions.—Investigating the electron tunneling be-
tween a Co(0001) surface and an amorphous tip across a
vacuum barrier with a spin-polarized STM, we observed
an almost constant tunneling magnetoresistance with
bias voltage for large tip-sample separations, i.e., no
zero-bias anomaly. Thus, the zero-bias anomaly in planar
tunnel junctions with insulator barriers can be attributed
to defect scattering in the barrier, rather than to magnon
creation or spin excitations at the interfaces. First-princi-
ples calculations for the electronic structure and for bal-
listic tunneling including the bias voltage corroborate our
experimental finding qualitatively and quantitatively. For
small barrier width, a drop in the TMR occurred at
�200 mV bias voltage, which is likely related to a ma-
jority surface state of Co(0001).
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F. Montaigne, and P. Seneor, Science 286, 507 (1999).

[11] M. Sharma, S. X. Wang, and J. H. Nickel, Phys. Rev. Lett.
82, 616 (1999).

[12] S. Yuasa, T. Sato, E. Tamura, Y. Suzuki, H. Yamamori,
K. Ando, and T. Katayama, Europhys. Lett. 52, 344
(2000).

[13] P. LeClair, J. T. Kohlhepp, H. J. M. Swagten, and W. J. M.
de Jonge, Phys. Rev. Lett. 86, 1066 (2001).

[14] S. Yuasa, T. Nagahama, and Y. Suzuki, Science 297, 234
(2002).

[15] R. Meservey and P. M. Todrow, Phys. Rep. 238, 173
(1994).

[16] J. Zhang and R. M. White, J. Appl. Phys. 83, 6512 (1998).
3-4
[17] J. S. Moodera, J. Nowak, and R. J. M. van de Veerdonk,
Phys. Rev. Lett. 80, 2941 (1998).

[18] E.Y. Tsymbal and D. G. Pettifor, Phys. Rev. B 58, 432
(1998).

[19] E.Y. Tsymbal and D. G. Pettifor, J. Appl. Phys. 85, 5801
(1999).

[20] H. Boeve, E. Girgis, J. Schelten, J. De Boeck, and
G. Borghs, Appl. Phys. Lett. 76, 1048 (2000).

[21] R. Jansen and J. S. Moodera, Phys. Rev. B 61, 9047
(2000).

[22] J. Frenkel, Phys. Rev. 36, 1604 (1930).
[23] E. L.Wolf, Principles of Electron Tunneling Spectroscopy

(Oxford University Press, New York, 1985).
[24] D. A. Papaconstantopoulos, Handbook of the Band

Structure of Elemental Solids (Plenum, New York, 1986).
[25] W. Wulfhekel, H. F. Ding, and J. Kirschner, J. Appl. Phys.

87, 6475 (2000).
[26] W. Wulfhekel, H. F. Ding, W. Lutzke, G. Steierl,
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