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Orbital Magnetism and Magnetic Anisotropy Probed with Ferromagnetic Resonance
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Via ferromagnetic resonance both the magnetic anisotropy energy (MAE) and the spectroscopic
splitting tensor (g tensor) for a bcc Fe2yV5s001d superlattice are measured independently. The
theoretically proposed proportionality between the anisotropy of the orbital momentmL and the
MAE is quantitatively checked and its limitations are discussed. From layer-resolvedfirst-principles
calculations we find a reduced spin momentmS  1.62mB for Fe andm

V
S  20.67mB in the first V

layer. Theg-tensor elements reveal a 300% enhanced ratiomLymS  0.133 in comparison to bulk
Fe. The MAE and the orbital moment anisotropy is found to be unusually small for Fe monolayers.
[S0031-9007(99)08741-4]

PACS numbers: 75.70.Ak, 75.30.Gw, 75.30.Pd
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For a long time the magnetism of3d metals has
been described only in terms of spin magnetism. T
relativistic spin-orbit interaction which leads to orbita
magnetism and is manifested in the existence of magn
anisotropy energy (MAE) was neglected. This has be
justified by reasoning that due to the high symmetry
bulk crystals the orbital contribution is nearly complete
quenched. Later in extending the localized models
ionic crystals to band ferromagnets Bruno [1] calculat
within second-order perturbation theory atT  0 K that
the MAE is related to the differenceDmL  m

'
L 2 m

k
L

of orbital moments with respect to the symmetry axis
the crystallographic lattice,

MAE  2a
l

4mB
DmL , (1)

with the spin-orbit coupling parameterl  20.054 eV
[1] for Fe. More recentfirst-principlescalculations [2–5],
on the other hand, have shown that a strict proportiona
between MAE andDmL does not exist (see, for exam
ple, Fig. 5 of [2]). Thus it is questionable to deduce t
magnitude of MAE from a determination of anisotrop
orbital moments. In ultrathin films the MAE and orbita
moment anisotropy are enhanced, since tetragonally
torted lattices with partially unquenchedmL [2,6] are sta-
bilized. Both orbitalmL and spinmS moments have been
determined in x-ray magnetic circular dichroism (XMCD
experiments [7] by applying the sum rules. In this ana
sis which uses a localized picture the results have b
interpreted as an enhancement or anisotropy of the orb
moment—that is, of the expectation value ofLz [8,9].
The correct comparison to low temperature measurem
sT ! 0 Kd of the MAE according to Eq. (1) could not b
performed.

In this work we will measure in a new way via
only one experimental technique, that is, frequenc
and angular-dependent ferromagnetic resonance (FM
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independently both MAE atT ø 0 K and the orbital
moment anisotropy for Fe monolayers. We find an abo
300% increase of the ratio of orbital to spin momen
mLymS  0.133 in comparison to bulk Fe and a small
anisotropy of the orbital momentum which is correlate
with the experimental MAE atT  0 K. Both sides
of Eq. (1) are experimentally measured. It is pointe
out that our FMR provides comparable information on
the orbital magnetic moment as XMCD experiments
however, with the advantage that FMR can be measur
in the laboratory. In addition, relativistic band structure
calculations yield the layer-resolved magnetic moments
Fe and V of this structure.

The determination ofmL of bulk materials or thick
films from the spectroscopic splittingg tensor via FMR
and electron spin resonance goes back half a century [1
Because of the quenched orbital moment theg value is
close to the one of the free electrong ø 2. Higher order
perturbation theory mixes excited states into the groun
state, so thatg is slightly smaller or larger than “2”
depending on the sign of the spin-orbit coupling bein
positive or negative [6,11]. For Fe, Co, and Ni one find
g . 2. The same admixture of excited states leads also
some anisotropy ofmL yielding ag tensor in solids [11].
The deviation of theg value from 2 is a measure of the
orbital contribution according to [10],

mL

mS


g 2 2
2

. (2)

If mS or the total momentm is known from theory or
experiment,mL can be determined absolutely. Moreover
by determining the elements of theg tensor in different
crystallographic directions, Eq. (2) yields the anisotrop
of mL. The MAE has the same origin, that is, orbita
magnetism [2,6,8,11,12]. Precision magnetometry me
surements [6,13] and theoretical results for bulk Fe, C
and Ni samples [2–5] indicate that the easy axis of ma
netization is parallel to the direction with the largestmL.
© 1999 The American Physical Society
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In ultrathin films the easy axis is not determine
by Eq. (1) alone. The shape anisotropy which aris
from the dipole-dipole interaction may be larger tha
the intrinsic MAE [6,14] and force the magnetizatio
parallel to the film plane. Also in this case the large
orbital moment is expected along the easy axis giv
by the orbital magnetism. In our notationm

k
L is the

moment perpendicular to the film plane. Note thatm
k
L

and m
'
L a priori are NOT related to in- and out-of-plan

orientations in thin films.
In experimental work the MAE of thin films with

tetragonal symmetry is calculated from experimentally d
termined phenomenological anisotropy constantsK2, K4k,
andK4' which are temperature dependent [6]. The MA
entering Eq. (1) must be obtained from the difference
the total energies between two crystallographic directio
[14] evaluated atT  0 K,

MAE  Ef001g 2 Ef110g  2K2 2
1
2 K4' 1

1
4 K4k . (3)

A prototype 3d-metal-based multilayer consisting o
2 monolayer (ML) Fe and 5 ML V was chosen, fo
which enhanced orbital magnetism is expected:
bcc(001) sFe2yV5d60 [15] single crystalline superlattice
on MgO(001). Details about the sample preparatio
structural, and magnetic characterizations have been p
lished elsewhere [16–18]. The FeyVs001d superlattices
present an exceptionally high structural coherence [
and magnetic homogeneity [18].

FMR measurements at 1.12, 4.06, and 9.24 GHz (
Fig. 1) are performed with the magnetic field applied
the film plane alongf110g and perpendicular alongf001g.
For the parallel configuration the resonance condition
[14]

v2

g
2
k

 H2
rk 1 Hrk

µ
4pM 2 2

K2

M
2

K4k

M

∂
2 2

K4k

M

µ
4pM 2 2

K2

M
1

K4k

M

∂
, (4)

and for the perpendicular configuration,

v

g'

 Hr' 2

µ
4pM 2 2

K2

M
2 2

K4'

M

∂
, (5)

where f  vy2p is the resonance frequency,h̄gk,' 
gk,'mB is the gyromagnetic ratio in plane and out
plane, andM is the magnetization. From Eq. (4) theg
factor gk is obtained by plottingf2 as a function ofHrk

(Fig. 1). The fit (solid line) isindependentof the val-
ues of the magnetization and MAE constants.g' is ob-
tained from Eq. (5), which is linear with respect toHr'.
Only frequency-dependent measurements [14,19,20] y
the necessary precision to extract anisotropicg values. In
comparison to XMCD experiments FMR offers the uniq
advantage that it truly measures the magnetic ground s
(excitations of spin waves withk ø 0) and detects a sig-
nal also in the paramagnetic state aboveTc where the
XMCD signal vanishes.
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FIG. 1. Analysis ofgk according to Eq. (4) atT  205 K.
The solid line is a fit to the experimentalHrk (circles).

The g-tensor elementsgk and g' were measured be-
tween 70–220 KsTc ø 200 Kd. The magnetic moment/
atom—by definition—is temperature independent, th
is, mLymS and theg tensor are constant as confirmed b
our measurement. As listed in Table I we find an avera
g  2.266 which is significantly larger thang  2.09 of
bulk Fe [13] and other Fe films [14,19,20]. With Eq. (2
we find mLymS  0.133 for the FeyV interface, which
in the atomic model can be regarded as a Fe-V pair d
to the strong coupling. There is also a small differen
of the g values in- and out-of-the-film plane:gk  2.264
andg'  2.268. That is to say, the orbital magnetism i
nearly isotropic. This is unexpected for a 2 ML Fe(001
layer, but as shown below it is fully consistent with th
measured small bulklike MAE (Table I). To determinemL

absolutely we calculate the spin momentmS (Table I) self-
consistently within the framework of density functiona
theory in its local density approximation. The compu
tational technique is based on the linearized muffin-
orbital method and the corresponding Green’s fun
tion technique for surfaces and interfaces, as has b
developed by Skriver and Rosengaard [21]. The c
culated bcc(001) VyFe2yV5yFe2yVs001d bcc system
consists of two double layers of iron separated by fi
layers of vanadium embedded between two semi-infin

TABLE I. Values of theg-tensor components in-planesgkd
and out-of-planesg'd, average orbital and spin momentsmL,
mS , their ratio calculated from Eq. (2) and MAE for the Fe2yV5
superlattice and bulk Fe (from [13]).

bcc s001dFe2yV5 superlattice

MAE
gk g' mLymS mL smBd mS smBd smeVyatomd
2.264 2.268 0.133 0.126 1.62 22.0

60.015 60.015 60.5

bcc Fe-bulk

2.09 2.09 0.045 0.10(4) 2.13(5) 21.4
2391
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vanadium bcc(001) crystals. The underlying lattice
that of bcc(001), where no local lattice relaxations a
considered. The calculations are performed for tw
limiting cases: the lattice constant of the superlattic
being equal to that of bulk Fe or of V. It is expected tha
volume conserving, tetragonal distortions usually hav
only a small influence onmS . The results for bcc(001)
VyFe2yV5yFe2yV bcc(001) are shown in Fig. 2. Note
that V acquires a magnetic moment mostly located at t
interface antiferromagnetically coupled to the Fe momen
in agreement with previous theoretical and experimen
work [22]. In the following, all moments refer to the
calculation performed with the Fe lattice constant.
spin moment of1.62mB for Fe and20.67mB for V is
found (Fig. 2). The reducedmS for Fe is attributed to
hybridization effects at the Fermi edge of Fe in proximit
to V [23]. This result is in reasonable agreement wit
previous SQUID measurements which yield a slightl
smaller Fe moment, if one considers that the 2 M
layers are not perfect and 1 ML patches do carry only
negligible momentmS ø 0.05mB [17]. In the theoretical
part only the spin moment was analyzed (Table I). F
a proper analysis of the total moment one should n
confuse total and spin moment [22], since the contributio
of the orbital part can be enhanced significantly as show
here. We calculatemL  0.126mB for the FeyV pair
via Eq. (2). The separation of the Fe orbital momen
alone is not possible. But it is reasonable to assum
that it is enhanced in comparison tomL  0.10mB of
bulk bcc Fe [12], since the moment of V at the inter
face has the opposite sign. For 3–4 ML of fct Fe o
Cu(001) mL  s0.23 0.25dmB have been determined
via XMCD [24].

Let us now turn to the main point of this Letter: a
critical experimental check of the relation between MAE
andDmL. The anisotropy parametersKi are determined
with high precision by temperature- and angular- (az

FIG. 2. Layer-resolved spin moments of Fe and V from
first-principles calculation. Two results assuming the lattic
constants of Fe (solid circles) or V (open squares) for th
superlattice are shown.
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muthal and polar) dependent FMR as discussed in de
elsewhere [14,18,25]. AllKi are temperature dependen
[Fig. 3(a)]. At all temperatures we find that the mag
netization lies in the film plane although the total MAE
[Eq. (3)] is negative which favors the out-of-plane orien
tation f001g. This shows that the shape anisotropy dom
nates. jK4'j is comparable to the corresponding value o
1.4 meVyatom for bulk Fe [13,14] and slightly smaller
thanK2. Both vanish close toTc > 200 K. K4k is about
1 order of magnitude smaller and vanishes at 100 K [1
At first, the small values ofK2 are rather surprising for
a sample with only two atomic layers of Fe in each s
perlattice period. If one attributes theK2 mainly to the
known Fe interface anisotropy, an orders-of-magnitu
larger MAE would be expected [14]. Our finding show
that it makes no sense to discriminate between interfa
and volume anisotropy in a 2 ML thick ferromagnet. Th
magnetism of the FeyV multilayer does not arise from
the characteristics of the Fe atom alone, but the contrib
tion from the V atoms at the interface is important. No
that thesFe2yV5d60 superlattice [15] contains only identi-
cal FeyV interfaces. A detailed discussion of the origi
of the temperature dependence ofK2, K4k, andK4' is not
the purpose of this Letter and has been published el
where [25]. Here we are interested in the total intrins
MAE at T  0 K which is the relevant quantity on the
left-hand side of Eq. (1). This requires a determinatio

FIG. 3. (a) Temperature dependence ofK2, K4k, and K4'.
Note the different scale forK4k. (b) Total magnetic anisotropy
energy (MAE) for the Fe2yV5 superlattice according to Eq. (3).
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of all Ki, that is,K2, K4', andK4k, at low temperatures
(Fig. 3). With Eq. (3) and the data of Fig. 3(a) we cal
culate a surprisingly small MAE ofø22 meVyatom at
T  0 K as shown in Fig. 3(b). The total MAE changes
as a function ofT and vanishes nearTc. The orbital mo-
ment anisotropy, that is,gk andg', on the other hand, are
temperature independent. This shows that FMR is cap
ble of separating the effect of the microscopic orbital con
tribution from the macroscopic MAE of the whole sampl
which is tied to the magnetization. The comparison o
MAE and DmL is justified atT  0 K only. Previous
estimates [9] did not take the temperature dependence
MAE fully into account.

Now we are prepared to clarify the intimate relatio
between the intrinsic MAE and orbital magnetism in
an itinerant ferromagnet. At first glance one might sa
that both have the same origin, namely, the second a
third Hund’s rule [6,11]. The first attempt to extend
this local and intra-atomic picture to itinerant magne
[1] led to Eq. (1). Unfortunately this simple relation
between MAE andDmL was taken too seriously in that,
e.g., DmL was measured by means of XMCD and th
MAE was “calculated” via Eq. (1). Bruno and coauthor
stated already [3,4] that such a strict linearity does n
exist. Ab initio calculations [2–4] have confirmed a more
complicated nonlinear dependence. Here we present
first experimental independent determination of both sid
of Eq. (1). In Table I the experimental values for th
left-hand side of Eq. (1), i.e., the MAE> 22 meVyatom
and for the right-hand side, i.e.,DmL  23.2 3 1023 mB

are listed. The latter is calculated with Eq. (2) fromgk

andg'. Substituting these values in Eq. (1) one obtain
experimentallya > 0.05. This compares well with the
previous theoretical estimates for Co (0.2–0.25 [3]) an
Ni (0.3–0.7 [2]). It is interesting to note that XMCD can
determine only the right-hand side of Eq. (1) [9]. By FMR
both sides may be measured in the laboratory, and orb
magnetism can be studied even aboveTc in the same setup.
These advantages together with its high sensitivity ma
FMR a powerful complementary technique to study orbit
magnetism of ultrathin films and multilayers.

In conclusion, frequency-, angular-, and temperatur
dependent FMR has been used to quantify the relation
anisotropic orbital moments and MAE for the first time
For a bcc(001)sFe2yV5d60 superlattice the spectroscopic
splitting tensor (g tensor) is determined, and a 300%
enhancedmLymS compared to bulk Fe is found. In
combination with first-principles calculations we show
that this is mainly due to a reduced spin moment
the FeyV interface. The orbital moment perpendicula
to the film plane is slightly larger than the one in plan
which is consistent with the sign and magnitude of th
intrinsic MAE at T  0 K. The total magnetization,
however, has its easy axis in plane due to the dominan
of shape anisotropy caused by the magnetic dipole-dipo
interaction.
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