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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 ¢ tensor) for a bcc REVs(001) superlattice are measured independently. The
theoretically proposed proportionality between the anisotropy of the orbital momgnand the
MAE is quantitatively checked and its limitations are discussed. From layer-resfifgegrinciples
calculations we find a reduced spin moment = 1.62u for Fe anduy = —0.67u5 in the first V
layer. Theg-tensor elements reveal a 300% enhanced ratigus = 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

For a long time the magnetism dfd metals has independently both MAE af = 0 K and the orbital
been described only in terms of spin magnetism. Thenoment anisotropy for Fe monolayers. We find an about
relativistic spin-orbit interaction which leads to orbital 300% increase of the ratio of orbital to spin moment
magnetism and is manifested in the existence of magnetig; /us = 0.133 in comparison to bulk Fe and a small
anisotropy energy (MAE) was neglected. This has beemnisotropy of the orbital momentum which is correlated
justified by reasoning that due to the high symmetry ofwith the experimental MAE atl = 0 K. Both sides
bulk crystals the orbital contribution is nearly completely of Eqg. (1) are experimentally measured. It is pointed
quenched. Later in extending the localized models obut that our FMR provides comparable information on
ionic crystals to band ferromagnets Bruno [1] calculatedhe orbital magnetic moment as XMCD experiments,
within second-order perturbation theory &t= 0 K that  however, with the advantage that FMR can be measured
the MAE is related to the differencAu;, = uj — ,U«g in the laboratory. In addition, relativistic band structure

of orbital moments with respect to the symmetry axis ofcalculations yield the layer-resolved magnetic moments of

the crystallographic lattice, Fe and V of this structure.
The determination ofu; of bulk materials or thick
MAE = —a A Aur, (1) films from the spectroscopic splitting tensor via FMR
4up and electron spin resonance goes back half a century [10].

with the spin-orbit coupling parameter = —0.054 eV ~ Because of the quenched orbital moment_gh&alue is
[1] for Fe. More recentirst-principlescalculations [2—5], ~ close to the one of the free electrgn~ 2. Higher order
on the other hand, have shown that a strict proportionalitp€rturbation theory mixes excited states into the ground
between MAE andAu; does not exist (see, for exam- State, so that is slightly smaller or larger than “2”
ple, Fig. 5 of [2]). Thus it is questionable to deduce thedepending on the sign of the spin-orbit coupling being
magnitude of MAE from a determination of anisotropic POsitive or negative [6,11]. For Fe, Co, and Ni one finds
orbital moments. In ultrathin films the MAE and orbital § > 2. The same admixture of excited states leads also to
moment anisotropy are enhanced, since tetragonally di§ome anisotropy of., yielding ag tensor in solids [11].
torted lattices with partially unquenched, [2,6] are sta- The deviation of they value from 2 is a measure of the
bilized. Both orbital; and spinws moments have been Orbital contribution according to [10],
determined in x-ray magnetic circular dichroism (XMCD) mL 8~ 2 @)
experiments [7] by applying the sum rules. In this analy- M 2
sis which uses a localized picture the results have beelfi ws or the total momentw is known from theory or
interpreted as an enhancement or anisotropy of the orbitalxperimentu; can be determined absolutely. Moreover,
moment—that is, of the expectation value bf [8,9]. by determining the elements of thetensor in different
The correct comparison to low temperature measurementsystallographic directions, Eq. (2) yields the anisotropy
(T — 0 K) of the MAE according to Eqg. (1) could not be of u;. The MAE has the same origin, that is, orbital
performed. magnetism [2,6,8,11,12]. Precision magnetometry mea-
In this work we will measure in a new way via surements [6,13] and theoretical results for bulk Fe, Co,
only one experimental technique, that is, frequency-and Ni samples [2-5] indicate that the easy axis of mag-
and angular-dependent ferromagnetic resonance (FMR)gtization is parallel to the direction with the largest.
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In ultrathin films the easy axis is not determined M LA
by Eq. (1) alone. The shape anisotropy which arises 80 | .

[001]
from the dipole-dipole interaction may be larger than I 1l
the intrinsic MAE [6,14] and force the magnetization ” /
parallel to the film plane. Also in this case the largest 60 — ~H“‘°] 1

orbital moment is expected along the easy axis given <
by the orbital magnetism. In our notation'LI is the
moment perpendicular to the film plane. Note t
and uj a priori are NOT related to in- and out-of-plane T=205K
orientations in thin films. 20 9,72.264 1
In experimental work the MAE of thin films with
tetragonal symmetry is calculated from experimentally de- 0 . , , , .
termined phenomenological anisotropy constafsKy, 05 1.0 15 20 25
andK,, which are temperature dependent [6]. The MAE H, (kOe)
entering Eqg. (1) must be obtained from the difference in il

the total energies between two crystallographic direction&1G. 1. Analysis ofg; according to Eq. (4) af” = 205 K.
[14] evaluated af’ = 0 K, The solid line is a fit to the experimental, (circles).
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MAE = Ejo1] — E[110 = —Kz» — %KM + £K4||. 3 The g-tensor elementg; and g, were measured be-
tween 70-220 KT, = 200 K). The magnetic moment/
atom—Dby definition—is temperature independent, that
is, wr/us and theg tensor are constant as confirmed by

which enhanced orbital . magnetism . Is expecte_d: %ur measurement. As listed in Table | we find an average
bce(001) (Fe/Vs)eo [15] single crystalline superlattice , _ 2.266 which is significantly larger thag = 2.09 of

on MgO(001). Details about the sample preparationy - Fe [13] and other Fe films [14,19,20]. With Eq. (2)
structural, and magnetic characterizations have been pu@e find wy /s = 0.133 for the Fe'V interface, which

lished elsewhere [16-18]. The Fé(001) superlattices i, yhe atomic model can be regarded as a Fe-V pair due
present an exceptionally high structural coherence [1 o the strong coupling. There is also a small difference

and magnetic homogeneity [18]. of the ; : S
g values in- and out-of-the-film plangy = 2.264
FMR measurements at 1.12, 4.06, and 9.24 GHz (Ség,q, "~ 2268. That s to say, the orbital magnetism is

Fig. 1) are performed with the magnetic field applied inpeqry isotropic. This is unexpected for a 2 ML Fe(001)
the film plane alondg110] and perpendicular alon@01]. layer, but as shown below it is fully consistent with the

For the parallel configuration the resonance condition i$,aasured small bulklike MAE (Table 1). To determing

A prototype 3d-metal-based multilayer consisting of
2 monolayer (ML) Fe and 5 ML V was chosen, for

[14] absolutely we calculate the spin momesnt (Table 1) self-
> K Ky consistently within the framework of density functional
Vi M M the_ory in its Ipcal (_jensny approximation. The compu-
Ky K, Ky tational technique is based on the linearized muffin-tin
- 2ﬁ<477M — Zﬁ + ﬁ) (4)  orbital method and the corresponding Green's func-

and for the perpendicular configuration tion technique for_surfaces and interfaces, as has been
’ developed by Skriver and Rosengaard [21]. The cal-

@ g, - (477 2K K ) (5) Cculated bcc(001) YFe/Vs/Fey/V(001) bec system
Y1 M M consists of two double layers of iron separated by five
where f = w/27 is the resonance frequency . = layers of vanadium embedded between two semi-infinite
gl.Lmp IS the gyromagnetic ratio in plane and out of
plane, andM is the magnetization. From Eq. (4) the TABLE I. Values of theg-tensor components in-plang;)
factor g is obtained by plotting? as a function oft7, ~ and out-of-plandg.), average orbital and spin momens,,

. . - . = s, their ratio calculated from Eq. (2) and MAE for the,FF¥ 5
(Fig. 1). The fit (sohc_j line) isindependenbf th_e val- superlattice and bulk Fe (from [13]).
ues of the magnetization and MAE constanis, is ob-

tained from Eq. (5), which is linear with respect & | . bcc (001)Fe,/Vs superlattice

Only frequency-dependent measurements [14,19,20] yield MAE
the necessary precision to extract anisotrgpi@lues. In gl g1 mr/ms mr (up) ws (up) (ueV/atom
comparison to XMCD experiments FMR offers the unique 2.264 2.268 0.133  0.126 1.62 —2.0
advantage that it truly measures the magnetic ground stafg0-015 *0.015 +0.5
(excitations of spin waves with = 0) and detects a sig- bee Fe-bulk

nal also in the paramagnetic state abdyewhere the

XMCD signal vanishes. 2.09 2.09 0.045 0.10(4) 2.13(5) -—14
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vanadium bcc(001) crystals. The underlying lattice ismuthal and polar) dependent FMR as discussed in detail
that of bcc(001), where no local lattice relaxations areelsewhere [14,18,25]. AIK; are temperature dependent
considered. The calculations are performed for twdFig. 3(a)]. At all temperatures we find that the mag-
limiting cases: the lattice constant of the superlatticenetization lies in the film plane although the total MAE
being equal to that of bulk Fe or of V. Itis expected that[Eq. (3)] is negative which favors the out-of-plane orien-
volume conserving, tetragonal distortions usually haveation[001]. This shows that the shape anisotropy domi-
only a small influence omus. The results for bcc(001) nates. |Ky, | is comparable to the corresponding value of
V/Fe/Vs/Fe/V bcc(001) are shown in Fig. 2. Note 1.4 ueV/atom for bulk Fe [13,14] and slightly smaller
that V acquires a magnetic moment mostly located at théhank,. Both vanish close t@. = 200 K. Ky is about
interface antiferromagnetically coupled to the Fe moment] order of magnitude smaller and vanishes at 100 K [18].
in agreement with previous theoretical and experimentaht first, the small values oK, are rather surprising for
work [22]. In the following, all moments refer to the a sample with only two atomic layers of Fe in each su-
calculation performed with the Fe lattice constant. Aperlattice period. If one attributes th& mainly to the
spin moment ofl.62up for Fe and—0.67up for V is  known Fe interface anisotropy, an orders-of-magnitude
found (Fig. 2). The reducegs for Fe is attributed to larger MAE would be expected [14]. Our finding shows
hybridization effects at the Fermi edge of Fe in proximity that it makes no sense to discriminate between interface
to V [23]. This result is in reasonable agreement withand volume anisotropy in a 2 ML thick ferromagnet. The
previous SQUID measurements which yield a slightlymagnetism of the F&/ multilayer does not arise from
smaller Fe moment, if one considers that the 2 MLthe characteristics of the Fe atom alone, but the contribu-
layers are not perfect and 1 ML patches do carry only dion from the V atoms at the interface is important. Note
negligible momenfus = 0.05up [17]. In the theoretical that the(Fe,/Vs)g superlattice [15] contains only identi-
part only the spin moment was analyzed (Table I). Forcal Fe/V interfaces. A detailed discussion of the origin
a proper analysis of the total moment one should nobf the temperature dependenceidf Ky, andKy, is not
confuse total and spin moment [22], since the contributiorthe purpose of this Letter and has been published else-
of the orbital part can be enhanced significantly as showwhere [25]. Here we are interested in the total intrinsic
here. We calculateu; = 0.126p for the FgV pair MAE at T = 0 K which is the relevant quantity on the
via Eq. (2). The separation of the Fe orbital momentleft-hand side of Eq. (1). This requires a determination
alone is not possible. But it is reasonable to assume

that it is enhanced in comparison @; = 0.10up of TIT,
bulk bcc Fe [12], since the moment of V at the inter- 00 02 04 06 08 10 12
face has the opposite sign. For 3—4 ML of fct Fe on afa) T T ' - To.4
Cu(001) u; = (0.23-0.25)uz have been determined o; 9 ? ]
via XMCD [24]. ’g‘ 3r %QJOOO o Ky 103 X
Let us now turn to the main point of this Letter: a 8 ,lo ° o oo ',T_\
critical experimental check of the relation between MAE ?g O ° o ' 3
andAu,. The anisotropy parameteks§ are determined = " og °© 101 &
: . L ) g . 7 g
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FIG. 2. Layer-resolved spin moments of Fe and V from

first-principles calculation. Two results assuming the latticeFIG. 3. (a) Temperature dependence iof, Ky, and Ky, .
constants of Fe (solid circles) or V (open squares) for theNote the different scale faky. (b) Total magnetic anisotropy
superlattice are shown. energy (MAE) for the Fg/Vs superlattice according to Eq. (3).
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