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Fig. 3 (a-c) PDOS of the Fe atom beneath the Cr tip at a tip chain
distance of 5 Å and 4 Å. (d-e) PDOS of the Cr tip apex for the same
configurations. (f) Iso-surfaces (iso-value of 4 ·10

−4 e/3) of the spin
density of the system at a tip chain distance of 4 Å . Yellow and blue
represent positive and negative charge density difference.

from the spin density of the system, Fig. 3(f), that the magnetiza-
tion of the chain and the tip mainly comes from the dxz orbitals of
the Fe atoms and dxz, dyz orbitals of the Cr atom, respectively.

At a large tip-chain separation of 5 Å, the tip has a negligible
effect on the chain due to weak interaction between them. Ana-
lyzing spin orbital coupling matrix elements, it can be found that
the dz2 orbital which couples with dxz orbital through ly operator
〈

dz2

∣

∣ly
∣

∣dxz

〉

gives the largest contribution to the MAE through the
second term in Eq. (1), which favors in-plane magnetization. It
can also be seen from the left part of Fig. 3 that there are small
peaks around the Fermi level in dz2 and dx2

−y2 orbital DOS. This
explains the largest contribution to the MAE from

〈

dz2

∣

∣ly
∣

∣dxz

〉

in
the second term of Eq. (1). Therefore, at large tip-chain separa-
tions, the magnitude of MAE of the system is small, and the spin
of the Fe chain prefers to lie in-plane of the surface.

At short tip-chain separations of about 4 Å, the exchange cou-
pling between dxz and dyz through

〈

dxz

∣

∣lz
∣

∣dyz

〉

(out-of-plane) and
that between dz2 and dxz through

〈

dz2

∣

∣ly
∣

∣dxz

〉

(in-plane) gives vital
contributions to the MAE through the first and the second terms
in Eq. (1). Due to the strong direct interaction between the tip
and the chain, the exchange coupling between the Cr tip-apex
and the Fe chain should be taken into account. It can be seen
from Fig. 3 (b) that near the Fermi level the strength of the dxz

orbital of Fe atoms is greatly increased and its band width is also
greatly reduced. These results in a large enhancement of the first
term in Eq. (1). Therefore, at short tip-chain separations, the
magnetization of the Fe chain changes from in-plane to out-of-
plane and the MAE magnitude of the system increases due to the
strong coupling between the tip and the chain.

Further decreasing the tip-chain distance, the STM tip interacts

not only with the Fe atom just beneath it, but also with other Fe
atoms in the chain, which will lead to an even larger increase in
the magnitude of the MAE. Therefore, both of the sign and the
magnitude of the MAE of an AFM Fe chain can be tuned with
exchange coupling by varying the tip-chain distance.

Upon a closer look at Fig. 2 (a), it can be noticed that at short
tip-chain distances, even at the same tip-chain separation, the
MAE of the Mn chain is the biggest and that of the Co chain is
the smallest, which can be attributed to the strong exchange cou-
pling or hybridization between the Cr tip-apex and the Mn chain.
Therefore, the exchange magnetic anisotropy is larger than that
for the Fe(Co) chain.

According to the above analysis, it can be seen that the greatly
increased magnetic anisotropy of the system at the contact regime
is caused by the direct exchange coupling between d states of the
tip and d states of the atom in the chain. With a spin polarized
STM tip, we expect a great shift can be observed in the mea-
sured spin-excitation steps in IETS measurements as a function of
tip height, especially at the contact regime. However, such phe-
nomenon can not be observed with a non-magnetic tip11, which
is mainly characterized by sp states.

3 Conclusions

In summary, we demonstrate that the exchange interaction can be
used to manipulate magnetic properties of AFM materials. Our re-
sults reveal that the quantum ground state of an AFM material can
be tuned into one of its Néel states by the exchange coupling with
a spin polarized STM tip. Furthermore, the magnetic anisotropy
of an AFM system can be tuned with the exchange coupling by
varying the tip-substrate separation. The present work provides
a theoretical prediction that it is feasible with current technology
to manipulate magnetic properties of AFM materials.
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G. Moulas, P. Bencok, P. Gambardella, H. Brune and J. Hafner,
Phys. Rev. B, 2010, 82, 094409.

15 M. Weisheit, S. Fähler, A. Marty, Y. Souche, C. Poinsignon and
D. Givord, Science, 2007, 315, 349–351.

16 C.-G. Duan, J. P. Velev, R. F. Sabirianov, Z. Zhu, J. Chu, S. S.
Jaswal and E. Y. Tsymbal, Phys. Rev. Lett., 2008, 101, 137201.

17 J. Hu and R. Wu, Phys. Rev. Lett., 2013, 110, 097202.

18 T. R. Dasa, P. Ruiz-Díaz, O. O. Brovko and V. S. Stepanyuk,
Phys. Rev. B, 2013, 88, 104409.

19 A. Sonntag, J. Hermenau, A. Schlenhoff, J. Friedlein,
S. Krause and R. Wiesendanger, Phys. Rev. Lett., 2014, 112,
017204.

20 O. O. Brovko, P. Ruiz-Daz, T. R. Dasa and V. S. Stepanyuk, J.

Phys: Condens. Matter, 2014, 26, 093001.

21 B. Bryant, A. Spinelli, J. J. T. Wagenaar, M. Gerrits and A. F.
Otte, Phys. Rev. Lett., 2013, 111, 127203.

22 J. C. Oberg, M. R. Calvo, F. Delgado, M. Moro-Lagares, D. Ser-

rate, D. Jacob, J. Fernandez-Rossier and C. F. Hirjibehedin,
Nat Nano, 2013, 9, 64–68.

23 P. Ruiz-Díaz, T. R. Dasa and V. S. Stepanyuk, Phys. Rev. Lett.,
2013, 110, 267203.

24 P. Gambardella, S. Rusponi, M. Veronese, S. S. Dhesi, C. Grazi-
oli, A. Dallmeyer, I. Cabria, R. Zeller, P. H. Dederichs, K. Kern,
C. Carbone and H. Brune, Science, 2003, 300, 1130–1133.

25 C. F. Hirjibehedin, C.-Y. Lin, A. F. Otte, M. Ternes, C. P. Lutz,
B. A. Jones and A. J. Heinrich, Science, 2007, 317, 1199–
1203.

26 I. G. Rau, S. Baumann, S. Rusponi, F. Donati, S. Stepanow,
L. Gragnaniello, J. Dreiser, C. Piamonteze, F. Nolting, S. Gan-
gopadhyay, O. R. Albertini, R. M. Macfarlane, C. P. Lutz, B. A.
Jones, P. Gambardella, A. J. Heinrich and H. Brune, Science,
2014, 344, 988–992.

27 P. Gambardella, Nat Mater, 2006, 5, 431–432.

28 H. Brune, Science, 2006, 312, 1005–1006.

29 D. Das, H. Singh, T. Chakraborty, R. K. Gopal and C. Mitra,
New J. Phys, 2013, 15, 013047.

30 S. Holzberger, T. Schuh, S. Blügel, S. Lounis and
W. Wulfhekel, Phys. Rev. Lett., 2013, 110, 157206.

31 G. Kresse and J. Hafner, Phys. Rev. B, 1993, 47, 558–561.

32 G. Kresse and J. Furthmüller, Phys. Rev. B, 1996, 54, 11169–
11186.

33 P. E. Blöchl, Phys. Rev. B, 1994, 50, 17953–17979.

34 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett., 1996,
77, 3865–3868.

35 K. Tao, V. S. Stepanyuk, W. Hergert, I. Rungger, S. Sanvito
and P. Bruno, Phys. Rev. Lett., 2009, 103, 057202.

36 A. B. Shick, F. Máca and A. I. Lichtenstein, Phys. Rev. B, 2009,
79, 172409.

37 C.-Y. Lin and B. A. Jones, Phys. Rev. B, 2011, 83, 014413.

38 J. W. Nicklas, A. Wadehra and J. W. Wilkins, J. Appl. Phys.,
2011, 110, 123915.

39 C. Zener, Phys. Rev., 1951, 82, 403–405.

40 C. Zener, Phys. Rev., 1951, 81, 440–444.

41 R. Schmidt, C. Lazo, U. Kaiser, A. Schwarz, S. Heinze and
R. Wiesendanger, Phys. Rev. Lett., 2011, 106, 257202.

42 A. Schlenhoff, S. Krause, G. Herzog and R. Wiesendanger,
Appl. Phys. Lett., 2010, 97, 083104.

43 D.-s. Wang, R. Wu and A. J. Freeman, Phys. Rev. B, 1993, 47,
14932–14947.

1–5 | 5

Page 5 of 5 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t


