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Single crystalline body-centered-cubic �bcc� Co films were achieved on FeCu3 buffer layer by molecular-
beam epitaxy. Fourfold symmetric magnetic hysteresis loops for bcc Co were obtained unambiguously with the
easy axes along Co�110�. The in-plane uniaxial anisotropy is significantly reduced by FeCu3 buffer layer. The
magnetocrystalline anisotropy constant of bcc Co was further determined to be −1.0�105 erg /cm3 by
rotational-magneto-optical Kerr effect. Hexagonal-close-packed Co, which would contribute an effective posi-
tive K1, appeared on top of bcc Co when the film thickness was beyond 0.9 nm. As a result, the magnetocrys-
talline anisotropy constant of the whole system switched from negative to positive with increasing film
thickness.
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Magnetocrystalline anisotropy corresponding to different
crystallographic structures in 3d transition metals is a long-
standing issue.1,2 The epitaxial growth of thin films has made
it possible to prepare these metals into crystalline phases
which does not occur naturally. Extensive interest was thus
generated to investigate the magnetic properties of these
metastable materials, e.g., body-centered-cubic �bcc� Ni, bcc
Co, and face-centered-cubic �fcc� Fe.3–6 Among them, single
crystalline bcc Co, in particular, has provoked increasing in-
terest recently due to its potential application of giant tunnel-
ing magnetoresistance.7–10 However, so far, the evolution of
magnetocrystalline anisotropy for bcc Co is still controver-
sial.

Bcc Co, which does not exist in nature, was stabilized on
GaAs�110� epitaxially by Prinz.3 The magnetocrystalline an-
isotropy constant, K1, was proposed to have a negative value,
superimposed by a strong in-plane uniaxial anisotropy. For
the �001� thin film, a negative K1 denoted that the easy axes
of fourfold anisotropy were parallel to bcc Co�110� direc-
tions. Contrary to this, Blundell et al.11 later pointed out a
positive K1 for 4 nm Co/GaAs�001�, with the easy axes of
the fourfold magnetic hysteresis loops along Co�100� direc-
tions. This positive K1, however, was believed to originate
from two-domain hexagonal-close-packed �hcp� Co on
GaAs�001�.12 Later, Wu et al.13 and Mangan et al.14 pre-
sented clear pictures of the epitaxial growth of Co on
GaAs�001�. A positive K1 for 2 nm bcc Co was also esti-
mated from the fourfold magnetic loops.13 However, this
positive K1 could hardly explain the negative magenetocrys-
talline anisotropy of single crystalline FexCo1−x alloys at the
Co rich end.15 In our recent work, a negative K1 was ob-
tained for bcc Co/GaAs�001� by the torque method after ex-
cluding the contribution from the hcp phase.16 Hence, a
negative K1 seems rather convincing for bcc Co on
GaAs�001�.

However, the interface effect for 3d transition metals epi-
taxially grown on GaAs�001� could not be neglected, par-
ticularly at low film thicknesses. The planar uniaxial aniso-
tropy in these thin films, which was not present in their
corresponding cubic bulk materials, was generally believed
to be induced by the interface effect.17–19 Moreover, the in-
terface effect could reverse the sign of fourfold magnetic
anisotropy at low film thicknesses, e.g., in Fe/GaAs�001�.18

Wu et al.13 also mentioned in their paper that the interface
effect was a possible explanation for the positive K1. There-
fore, the sign of K1 is hard to be determined if the interface
effect is not eliminated. In addition, the chemical interdiffu-
sion between Co and GaAs substrate would further compli-
cate the characterization of magnetic properties for bcc
Co.20,21

In this work, we exhibit a system of single crystalline bcc
Co in which the uniaxial anisotropy is suppressed remark-
ably by epitaxially grown on nonmagnetic FeCu3�001� sub-
layer. Fourfold magnetic hysteresis loops are thus obtained,
from which the magnetocrystalline anisotropy can be unam-
biguously determined to be negative. The magnetocrystalline
anisotropy of Co /FeCu3 is also investigated as a function of
Co thickness.

Co films were deposited at room temperature followed by
epitaxial growth of FeCu3 buffer layer on GaAs�001� sub-
strate in an ultrahigh vacuum chamber. FeCu3�001� is an
appropriate buffer layer because it is not only nonmagnetic
but also in bcc phase at low thickness.22 The details of the
growth conditions have been given in our previous
works.13,22 A 3 nm Au layer was finally capped to prevent the
sample from oxidation. The epitaxial growth of the films was
monitored by reflection high-energy electron diffraction
�RHEED�. Magnetic measurements were later conducted ex
situ by magneto-optic Kerr-effect �MOKE� and rotational-
magneto-optical Kerr-effect �ROTMOKE� techniques.

Figure 1 presented RHEED patterns of FeCu3 and Co thin
films with the high-energy electron incidence along the �110�
direction of GaAs�001�. We distinguish different crystal
structures by their aspect ratios of the RHEED patterns. For
instance, 1.4:1 and 1:1 correspond to bcc and fcc structures,
respectively, in the experimental configuration we applied
here.23,24 Figure 1�a� shows the clean GaAs�001� surface,
which was obtained using the treatment in Ref. 13. 1.0 nm
FeCu3 buffer layer was then deposited at room temperature
on GaAs�001� substrate �Fig. 1�b��. The aspect ratio of
FeCu3 is 1.35:1, indicating a body-centered-tetragonal struc-
ture, which is in accordance with the previous experiment.22

Figure 1�c� shows bcc Co of 0.9 nm with the aspect ratio
equaling to 1.4:1. When the thickness of Co is above 0.9 nm,
extra spots appear which are emphasized by ellipses in Fig.
1�d�. These spots are attributed to hcp Co twin domains,
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similar to Co/GaAs�001� system.13 Therefore, according to
the RHEED patterns, when the Co thickness is thinner than
0.9 nm, Co is in bcc phase. When the thickness is larger than
0.9 nm, bcc and hcp Co coexist. There is a close resemblance
between the crystalline structure evolution of Co on
FeCu3�001� and that of Co on GaAs�001�.

Then we investigated the magnetic properties of bcc
Co /FeCu3�001�. Figure 2�a� shows the magnetic hysteresis
loops of 0.9 nm bcc Co/1.0 nm FeCu3 along different axes,
which were measured using longitudinal MOKE. The 1.0 nm
FeCu3 underlayer was first confirmed to be nonmagnetic.

The magnetic hysteresis loops of bcc Co /FeCu3�001� have a
fourfold symmetry, with the easy axes along bcc Co�110�
and �1̄10� directions and the hard axes parallel to bcc

Co�010� and �1̄00� directions. Through the hysteresis loops
alone, bcc Co /FeCu3�001� is determined undoubtedly to
have a negative K1. By comparison, we deposited 0.9 nm Co
directly on GaAs�001� at 30 °C and studied its magnetic
properties which is shown in Fig. 2�b�. A strong in-plane

uniaxial anisotropy field is present along Co�1̄10� direction,

which makes the magnetic easy axis parallel to Co�1̄10�,
hard axis along Co�110� and Co�100� the intermediate. This
uniaxial anisotropy is generally attributed to the Co/
GaAs�001� interface, which conceals the fourfold anisotropy
field of bcc Co.18 By inserting the FeCu3 layer, the uniaxial
anisotropy from the Co/GaAs�001� interface is significant
reduced.

In order to further clarify the influence of FeCu3 layer on
the magnetic properties of bcc Co, we conducted the torque
measurement based on ROTMOKE technique and obtained
the K1 value quantitatively for three 0.9 nm bcc Co films on
different sublayers in Fig. 3.16,22 In Fig. 3�a�, the torque val-
ues of 0.9 Co/1.0 nm FeCu3 �solid circles� show two periods
in a 180° range, which also demonstrate a fourfold symmetry
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FIG. 1. �Color online� RHEED patterns of �a� GaAs�001� sub-
strate; �b� 1.0 nm FeCu3 film on GaAs�001�; �c� 0.9 nm Co on �b�;
and �d� 5.0 nm Co on �b�. The aspect ratios are shown in �b� and �c�.
The high-energy electron beam is incident along GaAs�110�.
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FIG. 2. Magnetic hysteresis loops of 0.9 nm Co on �a� 1.0 nm
FeCu3�001� and �b� GaAs�001� substrate �grown at 30 °C� with the
magnetic field applied along different crystal directions.
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FIG. 3. �Color online� Torque measurement conducted by ROT-
MOKE determined the magnetic anisotropy field values in �a� 0.9
nm Co/1.0 nm FeCu3; �b� 0.9 nm Co/0.4 nm FeCu3; and �c� 0.9 nm
Co/GaAs�001� �grown at 30 °C�. The circles are the experimental
data and the solid lines are the best fitting lines.
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for magnetic anisotropy. We could extract K1, by fitting the
experimental data according to the following equation in
�001� thin film system:22

E/V = − MsH cos�� − �� + Ku sin2 � + K1 sin2��

+ �/4�cos2�� + �/4� ,

where E is the free energy, V is the volume of the thin film,
Ms is the saturation magnetization, H is the applied magnetic
field, and ���� is the angle between the magnetic field �mag-
netization� and Co�110� direction. The best fit, shown as the
solid line in the figure, determines HK1=2K1 /Ms=
−155�2 Oe and Hu=2Ku /Ms=0�1 Oe �95% confidence
limits�, which demonstrates a pure fourfold symmetry. The
Chi square value is 9.4. By comparison, Fig. 3�c� shows the
experimental data of 0.9 nm Co/GaAs grown at 30 °C. And
the best fit gives HK1=−130�13 Oe �95% confidence lim-
its� and Hu=712�7 Oe �95% confidence limits�. The corre-
sponding Chi square value is 20.9 which still illustrates a
good fit. However, the vanishment of in-plane uniaxial an-
isotropy in Co /FeCu3 could not simply be explained by the
substitution of Co /FeCu3 interface for Co/GaAs interface.
Figure 3�b� shows the ROTMOKE data of 0.9 Co/0.4 nm
FeCu3. Interestingly, an in-plane uniaxial anisotropy field is
present as well. The best fit gives HK1=−119�3 Oe and
Hu=273�1 Oe �95% confidence limits�. The Chi square
value is 6.9. It appears that FeCu3 /GaAs interface would
also transfer the uniaxial anisotropy to the upper Co thin
films. In fact, there normally exists an in-plane uniaxial an-
isotropy field even though a thick metallic buffer layer is
introduced on GaAs�001�.

In Fig. 4�a�, magnetic anisotropy fields of 0.9 nm bcc Co
are plotted versus FeCu3 film thicknesses. The uniaxial an-
isotropy fields decay sharply with FeCu3 thicknesses. And
surprisingly, the fourfold anisotropy fields nearly keep a con-
stant value. The result is easier to understand if the uniaxial
anisotropy is considered to strongly relate with the lattice
mismatch.25 The lattice mismatch between GaAs substrate
�0.565 nm� and bcc Co �0.281 nm� is about 0.53%. Since the
structure of FeCu3 /GaAs is gradually changing from bcc to
thermodynamically stable fcc phase with the thicknesses,22

the planar lattice constant is also gradually decreasing. As a
result, the lattice mismatch between FeCu3 and Co is de-
creasing with FeCu3 thicknesses, which reduces the uniaxial
anisotropy of bcc Co. It reaches the perfect match �0%� for
bcc Co on 1.0 nm FeCu3. In other words, only Co on 1.0 nm
FeCu3 is in a real bcc structure. This result suggests that the
origin of in-plane uniaxial anisotropy of bcc Co on
GaAs�001� might be mainly generated by the interface lattice
shear.26,27 On the other hand, the fourfold anisotropy seems
insensitive to the tiny changes in lattice constant. And the
negative sign of bcc Co is determined.

Furthermore, we studied the magnetic anisotropy field of
Co/1.0 nm FeCu3 as a function of Co thicknesses, shown by
the results in Fig. 4�b�. HK1 values were determined by fitting
the ROTMOKE data as shown in Fig. 3. When the Co thick-
ness is thinner than 0.9 nm, HK1 is negative and the absolute

values increase with the increasing Co thickness. When the
thickness is larger than 0.9 nm, HK1 turns to positive gradu-
ally. Meanwhile, RHEED patterns in Fig. 1�d� explicitly
show that hcp Co domains appear on top of bcc Co when the
thickness is above 0.9 nm.28 These hcp Co domains will
contribute an equivalent positive HK1,12 which gradually
overcomes the negative HK1 from bcc Co and results in a
positive value finally when the thickness is above 1.1 nm.
Although the values of lattice mismatch are different, the
magnetic anisotropy fields of Co /FeCu3�001� show similar
dependence on the Co thickness to those of Co/GaAs�001�.16

It is quite clear that the FeCu3 buffer layer could effectively
reduce the uniaxial anisotropy as well as the interdiffusion
between Co and GaAs�001�, with limited influence on the
fourfold anisotropy and Co growth process.

In summary, we achieved bcc Co by epitaxially growing
Co on FeCu3�001� buffer layer and studied its magnetic
properties. The magnetic hysteresis loops showed fourfold
symmetry with the easy axes along bcc Co�110� directions. It
demonstrated a negative magnetocrystalline anisotropy con-
stant K1, of about −1.0�105 erg /cm3 for bcc Co, which was
consistent with the negative K1 value obtained from bcc Co
on GaAs�001� by ROTMOKE method. Therefore, the mag-
netic uniaxial anisotropy was eliminated by introducing the
FeCu3 buffer layer. Hcp Co domains contributed a positive
K1, which competed with the negative K1 from bcc Co when
Co was thicker than 0.9 nm. Moreover, this method may be
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FIG. 4. �Color online� �a� The magnetic fields of 0.9 nm Co
versus FeCu3 thicknesses. The solid lines are guides to the eye. �b�
The magnetic anisotropy fields HK1 of Co/1.0 nm FeCu3 versus Co
thicknesses. HK1 values were determined by ROTMOKE method
shown in Fig. 3.
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applied to investigate the magnetic properties of 3d
transition-metal films, e.g., bcc Ni/GaAs�001�, bcc Fe/
GaAs�001�, especially when the interface effect plays a
dominant role and conceals the magnetic properties of the
magnetic films themselves.6,19 This method also provides an-
other possibility to study the origin of the in-plane uniaxial
anisotropy existing in 3d transition-metal/semiconductor het-
erostructure, which has puzzled the researchers for
decades.17

Xiaoying Xu would like to thank Liqing Pan and Sangita
Kalarickal for their fruitful discussion. This work was sup-
ported by MSTC �Grants No. 2006CB921303 and No.
2009CB929203�, the National Natural Science Foundation of
China �No. 10834001 and No. 10621063�, and the Shanghai
Committee of Science and Technology �Grant No.
09JC1401000�.

*ustbxuxiaoying@gmail.com
†xfjin@fudan.edu.cn

1 F. C. Powell, Proc. R. Soc. London, Ser. A 130, 167 �1930�.
2 R. H. Fowler and F. C. Powell, Proc. Cambridge Philos. Soc. 27,

280 �1931�.
3 G. A. Prinz, Phys. Rev. Lett. 54, 1051 �1985�.
4 J. Thomassen, F. May, B. Feldmann, M. Wuttig, and H. Ibach,

Phys. Rev. Lett. 69, 3831 �1992�.
5 D. Qian, X. F. Jin, J. Barthel, M. Klaua, and J. Kirschner, Phys.

Rev. Lett. 87, 227204 �2001�.
6 C. S. Tian, D. Qian, D. Wu, R. H. He, Y. Z. Wu, W. X. Tang, L.

F. Yin, Y. S. Shi, G. S. Dong, X. F. Jin, X. M. Jiang, F. Q. Liu,
H. J. Qian, K. Sun, L. M. Wang, G. Rossi, Z. Q. Qiu, and J. Shi,
Phys. Rev. Lett. 94, 137210 �2005�.

7 S. Yuasa, T. Katayama, T. Nagahama, A. Fukushima, H. Kubota,
Y. Suzuki, and K. Ando, Appl. Phys. Lett. 87, 222508 �2005�.

8 S. Yuasa, A. Fukushima, H. Kubota, Y. Suzuki, and K. Ando,
Appl. Phys. Lett. 89, 042505 �2006�.

9 S. Nishioka, R. Matsumoto, H. Tomita, T. Nozaki, Y. Suzuki, H.
Itoh, and S. Yuasa, Appl. Phys. Lett. 93, 122511 �2008�.

10 M. Ležaić, Ph. Mavropoulos, and S. Blügel, Appl. Phys. Lett.
90, 082504 �2007�.

11 S. J. Blundell, M. Gester, J. A. C. Bland, C. Daboo, E. Gu, M. J.
Baird, and A. J. R. Ives, J. Appl. Phys. 73, 5948 �1993�.

12 E. Gu, M. Gester, R. J. Hicken, C. Daboo, M. Tselepi, S. J. Gray,
J. A. C. Bland, L. M. Brown, T. Thomson, and P. C. Riedi, Phys.
Rev. B 52, 14704 �1995�.

13 Y. Z. Wu, H. F. Ding, C. Jing, D. Wu, G. L. Liu, V. Gordon, G.
S. Dong, X. F. Jin, S. Zhu, and K. Sun, Phys. Rev. B 57, 11935
�1998�.

14 M. A. Mangan, G. Spanos, T. Ambrose, and G. A. Prinz, Appl.
Phys. Lett. 75, 346 �1999�.

15 J. W. Shih, Phys. Rev. 46, 139 �1934�.
16 X. Y. Xu, L. F. Yin, D. H. Wei, C. S. Tian, G. S. Dong, X. F. Jin,

and Q. J. Jia, Phys. Rev. B 77, 052403 �2008�.
17 J. J. Krebs, B. T. Jonker, and G. A. Prinz, J. Appl. Phys. 61,

2596 �1987�.
18 M. Brockmann, M. Zölfl, S. Miethaner, and G. Bayreuther, J.

Magn. Magn. Mater. 198-199, 384 �1999�.
19 B. Roldan Cuenya, M. Doi, and W. Keune, Appl. Phys. Lett. 82,

1072 �2003�.
20 A. J. Yu, G. J. Galvin, C. J. Palmstrøm, and J. W. Mayer, Appl.

Phys. Lett. 47, 934 �1985�.
21 F. Xu, J. J. Joyce, M. W. Ruckman, H.-W. Chen, F. Boscherini,

D. M. Hill, S. A. Chambers, and J. H. Weaver, Phys. Rev. B 35,
2375 �1987�.

22 Z. Tian, C. S. Tian, L. F. Yin, D. Wu, G. S. Dong, X. F. Jin, and
Z. Q. Qiu, Phys. Rev. B 70, 012301 �2004�.

23 X. Jin, M. Zhang, G. S. Dong, M. Xu, Y. Chen, Xun Wang, X. G.
Zhu, and X. L. Shen, Appl. Phys. Lett. 65, 3078 �1994�.

24 D. Wu, G. L. Liu, C. Jing, Y. Z. Wu, D. Loison, G. S. Dong, X.
F. Jin, and Ding-Sheng Wang, Phys. Rev. B 63, 214403 �2001�.

25 G. Wastlbauer and J. A. C. Bland, Adv. Phys. 54, 137 �2005�.
26 B. Kardasz, J. Zukrowski, O. Mosendz, M. Przybylski, B.

Heinrich, and J. Kirschner, J. Appl. Phys. 101, 09D110 �2007�.
27 R. A. Gordon and E. D. Crozier, Phys. Rev. B 74, 165405

�2006�.
28 Y. Z. Wu, H. F. Ding, C. Jing, D. Wu, G. S. Dong, X. F. Jin, K.

Sun, and S. Zhu, J. Magn. Magn. Mater. 198-199, 297 �1999�.

BRIEF REPORTS PHYSICAL REVIEW B 80, 092405 �2009�

092405-4


