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Body-Centered-Cubic Ni and Its Magnetic Properties
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The body-centered-cubic (bcc) phase of Ni, which does not exist in nature, has been achieved as a thin
film on GaAs(001) at 170 K via molecular beam epitaxy. The bcc Ni is ferromagnetic with a Curie
temperature of 456 K and possesses a magnetic moment of 0.52 = 0.08 5 /atom. The cubic magneto-

crystalline anisotropy of bec Ni is determined to be +4.0 X 103 ergs - cm™

3, as opposed to —5.7 X

10* ergs - cm ™3 for the naturally occurring face-centered-cubic (fcc) Ni. This sharp contrast in the
magnetic anisotropy is attributed to the different electronic band structures between bee Ni and fce Ni,
which are determined using angle-resolved photoemission with synchrotron radiation.
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Fe, Co, and Ni rank as the top three important ferromag-
netic elements in the periodic table that have accumulated
extensive literature. These three elements assume body-
centered-cubic (bcc), hexagonal-close-packed (hcp), and
face-centered-cubic (fcc) structures, respectively, in their
thermodynamically stable phases at room temperature. To
develop a deep understanding of the magnetism origin, a
great effort has been made in obtaining different crystallo-
graphic structures of Fe, Co, and Ni. Using molecular beam
epitaxy, the fcc phase of both Fe and Co [1], which exists
only at high temperatures in bulk form, can be stabilized on
appropriately chosen nonmagnetic substrates at room tem-
perature. Even the non-naturally occurring bee Co has been
achieved in the laboratory [2]. These advances in materials
synthesis have opened up a unique opportunity for the
investigation of some long-standing problems in itinerant
magnetism [3]. For example, bcc Fe is a well-known pro-
totype ferromagnet; however, fcc Fe can exhibit an anti-
ferromagnetic  (spin-density-wave) [4] phase. These
discoveries on the magnetic properties that are associated
with metastable structural phases have greatly advanced
our knowledge on the origin of magnetism. In spite of the
fact that both Fe and Co can have either bee or fee struc-
ture, it is puzzling why Ni seems to dwell rigidly only in
the fcc structure. It has remained an experimental chal-
lenge to synthesize and investigate the bcc phase of Ni.

Theoretically, it is predicted by Moruzzi et al. that
bcc Ni at equilibrium (with a lattice constant of
0.2773 nm) would be paramagnetic, but a transition to a
ferromagnetic state would occur upon expansion of the
lattice beyond 0.2815 nm [5]. However, it is found by
Guo et al. that the paramagnetic-ferromagnetic transition
happens at 0.2730 nm, and bcc Ni at 0.280 nm is already
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ferromagnetic with a magnetic moment of 0.53 u/atom
[6].

A crucial step forward in experiment is the successful
preparation of bcc Ni on Fe(001) by Heinrich et al. [7], and
is also confirmed independently by Wang et al. [8]. They
both agree that the bcc Ni structure can exist only up to
6 atomic layers (less than 3 unit cells) and the structure of
thicker Ni films appears to be more complicated, as called
the “modified bcc Ni phase™ [9]. In addition, it is found by
Bland and Heinrich et al. that 3 monolayers (ML) of bcc Ni
on Fe(001) is ferromagnetic with a magnetic moment of
(0.55-0.80) wg/atom [10,11], while a value of (0.4 =
0.45) wp/atom is obtained indirectly from Brookes et al.
[12]. But the Curie temperatures of the ultrathin bcc Ni
films (< 6 ML) are contradictory between the two sets of
experiments: Heinrich et al. found it must be lower than
77 K [9] while Brookes declared that it is higher than 300 K
[12]. Furthermore, an anomalously strong fourfold in-
plane magnetic anisotropy is realized for the modified
bce Ni phase on Fe(001), which is attributed to a non-
magnetocrystalline origin [9].

However, it is shown theoretically [13] as well as ex-
perimentally [9,10,14] that there exist strong hybridization
or magnetic coupling effects at the Ni/Fe interface. This
would lead to the fact that all the magnetic properties
obtained in the previous experiments are not the intrinsic
properties of bee Ni itself; the contributions from Fe cannot
be excluded. For example, the Curie temperature of Ni
ultrathin films might be enhanced significantly by the
interface coupling [15], the ferromagnetic ordering of
bee Ni might be induced by Fe as similar to the Fe/Pd
case [16], and the magnetic moment of bcc Ni might be
greatly enhanced from its intrinsic value because of the
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strong coupling with Fe [10,13]. Therefore the intrinsic
magnetic nature of bce Ni is still an open question unless a
magnetically isolated bcc Ni phase is prepared and char-
acterized. An earlier experiment indicated that Ni film
grown on GaAs(100) may have a bcc structure with some
interesting magnetic behaviors [17]. In this Letter, we
investigate the Ni/GaAs(100) system with a multi-
technique approach, including high resolution transmis-
sion electron microscope (HRTEM), grazing angle x-ray
diffraction (XRD), superconducting quantum interference
device (SQUID), angle-resolved photoemission electron
spectroscopy (ARPES), and magneto-optic Kerr effect
(MOKE) measurements. Here are the main results. (i) It
is identified unambiguously that a magnetically isolated
Ni thin film (d < 3.5 nm) epitaxially grown on GaAs(001)
at 170 K has a bcc structure with a lattice constant of
a = 0.282 nm. (ii) The bcc Ni phase has a magnetic
moment of (0.52 = 0.08) 5 /atom with the Curie tempera-
ture of 456 K. (iii) The cubic magnetocrystalline anisot-
ropy of the bcc Ni is determined to be K; =
+4.0 X 10° ergs - cm 3. (iv) Different electronic energy
dispersions of bee and fee Ni along the (100) direction are
clearly observed in the experiment, providing a basis for
further theoretical investigations to explain why the bcc
and fcc Ni phases have the opposite behaviors in cubic
magnetocrystalline anisotropy.

Clean and ordered GaAs(001) substrates are prepared by
argon bombardment and annealing at 830 K, which show a
sharp (4 X 6) LEED pattern and have large atomically flat
terraces, visible under a scanning tunneling microscope
(STM). A substrate temperature of 170 K is found to be
the optimal growth condition to achieve the thickest bcc Ni
films as well as an atomically sharp interface between Ni
and GaAs(001); the pure single-crystalline bee Ni film can
be stabilized up to 3.5 nm thick. As the film becomes
thicker, the Ni overlayer on top of the pure bcc Ni develops
into a more complicated structure, as some extra and
complicated diffraction features start to appear. The
samples for ex situ measurements are capped with 2 nm
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FIG. 1. (a) Fourier-filtered HRTEM image of 3.5 nm bcc
Ni/GaAs(001) with the electron beam along the [110] direction.
(b) Grazing angle XRD spectrum with incident angle at 0.2°.

Au before being taken out of the UHV. The grazing angle
XRD experiment was performed at the National
Synchrotron Radiation Laboratory in Beijing. Angle-
resolved photoemission measurements were performed
both in Beijing and at the APE-INFM beam line of
ELETTRA in Trieste.

Figure 1(a) shows a cross-sectional HRTEM image of
Ni(3.5 nm)/GaAs(001) with the electron beam along the
[110] direction of GaAs. The image was recorded digitally
by a JEOL 2010F STEM/TEM analytical electron micro-
scope and analyzed using a Digital Micrograph software.
The upper and lower parts in the figure represent bee-Ni
and GaAs substrates, respectively, with the white line
showing the interfacial boundary. The unit cells in both
regions are also drawn, from which the Ni is unambigu-
ously identified to have a bcc structure [18] with a lattice
constant of 0.28 nm. The relative orientation between the
Ni and GaAs crystals is bcc Ni[001] || GaAs[001],
bee Ni[100] || GaAs[100], and bee Ni[110] || GaAs[110].
This result is further confirmed by a synchrotron radiation-
based grazing angle x-ray diffraction experiment.
Figure 1(b) shows an x-ray diffraction spectrum taken at
the photon energy of 8.052 keV with an incident angle of
0.2°. In addition to the expected dominant GaAs(400)
diffraction peak, there is a clear broad peak superimposed
on top of the narrow GaAs(400) peak [see the inset of
Fig. 1(b)]. This broad peak is a fingerprint of the
bce Ni(200) diffraction from which an in-plane lattice
constant of a = 0.282 nm is readily derived for bcc Ni.
The absence of the fcc Ni diffraction peaks at 8 ~ 25.9°
for (200) and at # ~ 38.1° for (220) (not shown in the
figure) proves that the Ni film has only the single-crystal
bce phase.

The magnetism of bce Ni and its Curie temperature are
studied in situ by means of MOKE measurement, by using
a semiconductor laser with the wavelength of 670 nm and a
beam size of 0.3 mm. Figure 2(a) shows the MOKE rema-
nence at 120 K as a function of film thickness measured
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FIG. 2. (a) MOKE intensity at remanence as a function of
bce Ni thickness for a wedged sample measured at 120 K,
together with a representative hysteresis loop in the inset.
(b) The filled squares represent the experimentally determined
Curie temperature as a function of film thickness, and the solid
line is a theoretical fit to Eq. (1) with T,.(00) = 456 K, A = 2.23,
and ¢ = 1.17 nm.

137210-2



PRL 94, 137210 (2005)

PHYSICAL REVIEW LETTERS

week ending
8 APRIL 2005

from a Ni wedge with the thickness change from 0.8 to
3.0 nm over a 1.0 cm long sample, together with a repre-
sentative MOKE hysteresis loop in the inset. Similar to Fe
on GaAs(001) [19], no interfacial magnetic dead layers are
found in bee Ni/GaAs(001) grown at 170 K, as seen from
the extrapolated dashed line Fig. 2(a) which passes through
the origin. The vanishing MOKE signal of the bcc Ni
below a critical thickness of d.~ 1.2 nm, i.e., the
paramagnetic-to-ferromagnetic transition at 7 = 120 K,
is caused by the well-known finite size scaling effect of
the Curie temperature in ultrathin films. Compared with the
value of d. ~ 0.6 nm at 120 K for fcc Ni on Cu(001) [20],
the greater d,. value here implies that the Curie temperature
of the bce Ni film is lower than that of the fcc Ni film at the
same thickness. In order to extrapolate the Curie tempera-
ture for bulk bee Ni, we measured the 7T, versus d,. curve
[Fig. 2(b)] from the bcc Ni wedged sample by gradually
changing the sample temperatures from 120 to 380 K
(below which the reversible results are obtained). From
the well-known finite size scaling law for magnetic phase
transition [21],

[Te(00) = To(d)]/ T (00) = (c/d)*, )

where T,(0) is the Curie temperature in the bulk limit, d is
the film thickness, and A is a critical exponent whose value
reflects the universality class of the phase transition, we
fitted the experimental data [solid line in Fig. 2(b)] using
Eq. (1) and obtained a Curie temperature of 456 K for bulk
bce Ni, which is indeed significantly lower than 627 K, the
Curie temperature of bulk fcc Ni. The magnetization of
bee Ni (capped with 2 nm Au) was further measured ex situ
at 5 K by SQUID, which yields a value of (0.52 *
0.08) wp/atom, in good agreement with the theoretical
predicted value of 0.54uz/atom at the lattice constant of
a = 0.282 nm [6].

The success in producing single-crystalline bcc Ni on
GaAs(001) makes it possible to quantitatively determine
the bee Ni cubic magnetocrystalline anisotropy K;. We use
the so-called ROTMOKE (MOKE with a rotating magnetic
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FIG. 3. MOKE-based torque as a function of the magnetization
directions, together with different theoretical fits, as described in
the inset as well as in the text.

field) technique [22] to address this problem. Similar to the
procedure of determining the anisotropies of epitaxially
grown Fe Cu;_, films on GaAs(001) [23], we obtain the
MOKE-based torque as a function of the in-plane magnetic
field (H = 5000 Oe) for 3.5 nm bce-Ni/GaAs(001) (black
dots in Fig. 3). At a glance the 180° periodicity in the
oscillation suggests a typical uniaxial magnetic anisotropy,
which is always found in magnetic film on a III-V semi-
conductor and the origin is not clear up to now [24].
However, a fit with the uniaxial anisotropy K, alone does
not agree with the experimental curve (the dashed line in
Fig. 3), directly indicating that the contribution of the
magnetic cubic anisotropy K, is also important. Indeed
the fit is significantly improved when both K, and K terms
are included. The excellent fit (the solid line in Fig. 3)
yields the uniaxial and fourfold magnetic anisotropic fields
of Hy, =2300 Oe and H;; = 1800 Oe, respectively,
(Hy; = 2K;/M,). Using the foregoing obtained magnetic
moment of bcc Ni, the magnetic cubic anisotropy K; is
determined to be +4.0 X 10° ergs - cm 3. It is important
to note that the positive sign of K| indicates that bcc Ni has
the same cubic magnetic easy axis as bcc Fe, but opposite
to that of fcc Ni [25]. To verify the sign of the cubic
anisotropy, we intentionally fix the sign of H;; to be
negative in the fitting, but the result turns out to be much
worse as seen by the dash-dotted line in Fig. 3. Therefore
we conclude that becc Ni has a positive cubic magneto-
crystalline anisotropy K;, and its magnitude is much
greater than that of naturally occurring fcc Ni (K; =
—5.7 X 10* ergs - cm™?) but comparable with that of
bee Fe (K; = +4.7 X 10° ergs - cm™3). In addition, it
should be mentioned that the presence of the uniaxial
anisotropy in thick bcc Ni films could suggest that the
bec lattice has some degree of in-plane shear strain, similar
to that of thick bcc Fe layers on GaAs(001) [26].

The sharp contrast in the magnetic anisotropy between
fcc Ni and bee Ni should also be reflected in their elec-
tronic band structures, although the correlation is not trivial
at all. It has long been a problem for ab initio calculations
to account correctly for the electronic band structure of
fcc Ni [27]; we believe that it is interesting to provide here
the first experimental band structure result for bcc Ni.
Accordingly, an angle-resolved photoemission spectros-
copy study by variable photon energy (hv) was performed
at 120 K on 1.6-nm thick bcc Ni/GaAs(001) and
fce Ni/Cu(001) films, respectively, along the (001) direc-
tion (normal emission). As shown in Fig. 4, two main
features can be identified as the difference in the valence
band structures between the fcc and bee Ni phases. First, a
contrast in the line shape is found for each pair of energy
distribution curves (EDC’s) obtained at the same A v on the
two crystals, as shown in the inset for a couple of repre-
sentative curves measured at Ay = 45 eV. A multicompo-
nent nature is more readily identified in the fcc Ni spectra
(left panel), whereas a seemingly single broad peak persists
in the whole i v range in the bce case (right panel). Second,
in contrast to the apparent band dispersion for fcc Ni, the
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FIG. 4. Normal emission spectra of (left) fcc Ni/Cu(001) and
(right) bee Ni/GaAs(001). Insets: (left) a couple of representa-
tive EDC curves for fcc and bee Ni measured at hv = 45 eV;
(right) calculated spin-resolved initial states of bcc Ni which are
involved in the direct transitions. The dashed lines serve as
guides to the eye.

valence bands of bee Ni exhibit a virtually nondispersive
character other than a discernible Fermi crossing of some
low-lying states. In order to gain further insight into the
band structure of bee Ni, we have calculated the E(k) band-
dispersion curves using the first- principles linearized aug-
mented plane-wave method with the local spin density
approximation. The four low-lying bands, which contrib-
ute to the photoemission data here under the dipole tran-
sition selection rule, are shown in the inset and are also
displayed by the triangles over the experimental curves. A
good agreement between the theory and the experiment is
obtained on the main EDC features, their dispersions, as
well as a persistent Fermi cutoff. In addition, the other
features in the experimental curves of bcc Ni can also be
explained after taking into account the transitions beyond
the first in-plane Brillouin zone, which are not shown here
but will be described elsewhere in detail [28].

In summary, we have achieved for the first time mag-
netically isolated single-crystalline bcc Ni film on
GaAs(001). We have experimentally determined its ferro-
magnetic magnetic moment [(0.52 = 0.08) uz/atom] and
its Curie temperature (456 K). bcc Ni exhibits a distinct
positive cubic anisotropy of K; and different electron
structures to that of fcc Ni.
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