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Nuclear Resonant Magnetometry and its Application to Fe /Cr Multilayers
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We introduce nuclear resonant magnetometry as a means to record the magnetization curve of
isotopically enhanced regions of a sample. It is based on nuclear resonant scattering with circularly
polarized synchrotron radiation and the use of a nuclear resonant reference sample. We apply this
approach to study the interlayer coupling in Fe/Cr(100) multilayers and to obtain a layer-specific
magnetization curve. Our measurements provide experimental evidence for the existence of a nontrivial

interlayer-coupling angle in Fe/Cr/Fe.
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In this Letter, we present the application of a new
experimental technique that selectively probes the
magnetization of well-defined parts of the sample. The
technique is based on nuclear resonant scattering of
synchrotron radiation [1], and relies on the isotope selec-
tivity of the scattering process. By replacing certain
regions of the sample with the resonant isotope, one can
measure these specific sites selectively [2]. Nuclear reso-
nant scattering of synchrotron radiation permits one to
study magnetization properties via the hyperfine interac-
tions acting on the resonant nuclei [3—6]. However, since
synchrotron radiation is usually linearly polarized, the
sign of the magnetization vector cannot be retrieved, thus
limiting the accessible information. The innovative part
of this work is that we performed nuclear resonant scat-
tering with circularly polarized x rays and were able also
to measure the sign of the magnetization vector. In the
following, we explain this approach and show an experi-
mental application where we study the interlayer coupling
in Fe/Cr(100) multilayers.

The interlayer coupling in Fe/Cr was first discovered in
1986 [7]. Depending on the Cr thickness, the magnetiza-
tion in subsequent Fe layers will order parallel or anti-
parallel, or perpendicular to each other. Apart from this
well-established bilinear and biquadratic coupling, also
the existence of noncollinear interlayer coupling has been
reported, where the coupling angle deviates from 0°, 90°,
or 180° [8]. The results of Ref. [8] were obtained by
means of polarized neutron reflectometry on Fe/Cr mul-
tilayers. Recently, however, attention was drawn to the
fact that surface effects, due to the reduced symmetry at
the boundary of the multilayer stack, can have a consid-
erable influence on the results [9,10]. In the present inves-
tigation, we exclude surface effects and explore the
existence of noncollinear ordering in Fe/Cr(100).

We prepared a  Fe(50 A)/Cr(11 A)/Fe(50 A)/
Cr(11 A)/Fe(50 A) quintalayer consisting of three Fe
layers of equal thickness. For Cr thicknesses of 11 A,
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one expects strong antiferromagnetic interlayer coupling.
When a large external field is applied along an easy axis,
the magnetization in all three Fe layers will be oriented
along the external field. With decreasing field, however,
the Zeeman interaction will keep the outer Fe layers along
the field, while the antiferromagnetic interlayer coupling
will gradually pull the inner Fe layer in the opposite
direction. If the interlayer coupling is purely antiferro-
magnetic, one expects the angle between the inner and the
outer magnetization vectors to be 180° near zero field.
Since the interlayer coupling mainly affects the inner
magnetization vector, one can study the coupling directly
by selectively measuring the orientation of the magneti-
zation in the central Fe layer. Therefore, the central layer
is fabricated from the nuclear resonant 3’Fe isotope,
while the two outer layers consist of nonresonant °Fe.
This isotopic distinction between the inner and the outer
Fe layers has no influence on the electronic and magnetic
properties of the multilayer, yet it enables one to measure
the magnetization of the central layer selectively with
nuclear resonant scattering of synchrotron radiation.
The resonant nuclei, in our case >'Fe, are excited by a
synchrotron pulse through absorption of a 14.413 keV
photon. When the nuclei deexcite through the coherent
elastic channel, a photon with the same energy is emitted.
The resonantly scattered photons are detected as a func-
tion of the time that has elapsed after the arrival of the
incident synchrotron pulse. Apart from a decaying inten-
sity related to the lifetime of the excited state (141 ns in
the case of 3’Fe), the time spectra show rapid oscillations.
These are quantum beats originating from the hyperfine
splitting of the nuclear states [11]. In the case of a mag-
netic interaction, the hyperfine splitting is proportional to
the total magnetic field By, at the position of the nucleus,
i.e., the sum of the internal hyperfine field B, and
the externally applied field E’m = ,uoﬁ . From early
Mossbauer experiments, it is known that the orientation
of the internal hyperfine field is strongly correlated to that
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of the magnetization vector M [12]. For example, for iron
the 3'Fe hyperfine field is oriented antiparallel to the
magnetization vector [13], and has a value of —33.0 T
at room temperature [14]. Analysis of the quantum beats
permits an accurate determination of the hyperfine field,
and thus also of the magnetization vector.

With linearly polarized synchrotron radiation, one
cannot distinguish between two antiparallel directions
of the hyperfine field; hence, the sign of the magnetization
vector cannot be retrieved [15]. Sign sensitivity can be
obtained when the incoming photons are circularly po-
larized. A photon with left circular polarization has
helicity +1 [16]. As a consequence, it can couple only
to nuclear transitions which require an angular momen-
tum change Am = +1, provided the quantization axis
for the hyperfine interaction is parallel to the photon
direction (B ||k), or Am = —1 transitions if the
quantization axis is antiparallel to the photon direction
(Emt” — k). The insets of Figs. 1(a) and 1(b) show that
switching the sign of the hyperfine interaction will select
different nuclear resonances. When the quantization axis
for the hyperfine interaction is not aligned with the pho-
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FIG. 1. Simulations for nuclear resonant forward scattering
with left circularly polarized radiation. (a),(b) Simulations for
a 0.5 um *'Fe foil with a hyperfine field of —33 T either
parallel or antiparallel to the photon direction k. (c),(d)
Simulations with an additional 0.15 wm single-line reference
sample (SL) whose nuclear transition is shifted by —58I' (I' =
4.65 neV). The insets show the nuclear resonance lines in the
energy domain relative to 14.413 keV. Schematic energy level
schemes for the sample and the reference are shown on top.
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ton direction 12, then the photon eigenstates get mixed
when expressed in the principal axis system of the hyper-
fine interaction. As a result, the Am = +1 and —1 tran-
sitions are excited simultaneously, as well as the Am = 0
transitions. As long as the hyperfine field, and therefore
the magnetization vector, has a nonzero component along
k, the strength of the Am = +1 and —1 transitions will
be different, so that the nuclear resonant scattering re-
mains sensitive to the sign of the hyperfine field.

As nuclear resonant scattering experiments with syn-
chrotron radiation are performed in the time domain, one
does not observe the nuclear transitions directly, but
instead one observes the quantum beating between differ-
ent transitions. This quantum beating depends only on the
strength of the nuclear transitions and their energy sepa-
ration. For a magnetic interaction, the relative strengths of
the transitions as well as the energy separations remain
identical when the sign of the hyperfine field is inverted.
Consequently, the time spectra are exactly the same for
both orientations [see Figs. 1(a) and 1(b)]. To break this
inversion symmetry in the time domain, a single-line
reference sample was added whose nuclear transition
energy is shifted with respect to the central transition
energy in the sample under investigation. As a result,
the energy separations between different lines are no
longer the same for opposite field directions and the
corresponding time spectra are clearly distinct. This is
illustrated in Figs. 1(c) and 1(d). The introduction of
circularly polarized x rays in nuclear resonant scattering
and the use of a nuclear resonant reference sample to
break the inversion symmetry in the time domain now
permits one to extract the full magnetization information
including the sign. This approach, which we will refer to
as nuclear resonant magnetometry (NRM), is applied to
investigate the interlayer coupling in the Fe/Cr(100)
quintalayer.

The sample was grown by dc magnetron sputtering
onto a MgO(100) substrate as described in Ref. [17].
A 111 A Cr buffer was first deposited at 400 °C to im-
prove the epitaxial growth. The Fe(50 A)/Cr(11 A)/
STFe(50 A)/Cr(11 A)/5°Fe(50 A) quintalayer was subse-
quently grown at 110 °C. Finally, the whole structure was
capped with 44 A Cr to prevent oxidation. The sample
composition and quality were verified with Cu-Ka x-ray
diffraction both at low and high angles. The magnetiza-
tion of the sample as a whole was measured with an
alternating gradient magnetometer. The result [shown in
Fig. 4(b)] provides the magnetic response of all three Fe
layers. The magnetization of only the central Fe layer was
measured with NRM.

The NRM measurements were performed at the 31D
beam line of the Advanced Photon Source [18]. The
storage ring produced single x-ray pulses every 153 ns.
The radiation was monochromatized to 1.3 meV around
the 14.413 keV nuclear resonance of >’Fe. Figure 2 shows
the experimental setup after the high-resolution mono-
chromator. For measurements with circularly polarized
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FIG. 2. Setup for nuclear resonant magnetometry.

radiation, a Bragg transmission phase retarder was used
to convert the polarization state of the x rays from linear
to circular [19]. It consists of a 400 um C(111) single
crystal with its diffracting planes inclined at 45° with
respect to the synchrotron plane. The offset angle of the
phase retarder from the exact Bragg condition was
—0.080 mrad, corresponding to a theoretical value for
left circular polarization of 87%. A 1-um stainless steel
foil (SS310, enriched in °>’Fe) was used as the single-line
reference sample. It was mounted on a constant velocity
drive set to —5.6 mm/s, so that the resonance is shifted
by —58I". Finally, the Fe/Cr quintalayer sample was
placed at a grazing angle of 3.6 mrad. An external mag-
netic field was applied along the incident photon direction
k and parallel to the in-plane easy axis of the sample. The
nuclear resonant scattering intensity was recorded as a
function of time by means of an avalanche photodiode
detector.

Figure 3 shows selected spectra for different external
field values taken with linearly polarized radiation (with-
out the phase retarder or reference sample) and with
circularly polarized radiation (using the phase retarder
and reference sample). The spectra were analyzed using
the CONUSS fitting routine [20], based on the dynamical
theory of nuclear resonant scattering [21]. The spectra in
Fig. 3 are very sensitive to the magnitude and the orien-
tation of the magnetization vector in the central Fe layer.
However, the linear spectra only allow one to determine
the magnetization vector up to a parity transformation;
i.e., the projection of the magnetization vector on the
photon direction can either be positive or negative.
From the fits of the circular spectra, also the sign of the
magnetization vector can be extracted. The latter is illus-
trated by comparing the linear and circular spectra taken

—7 mT and +25 mT. The linear spectra show almost
no dlfference both yield angles between M and  close to
40° or 140°. The circular spectra, on the other hand, are
quite distinct from each other. The spectrum at —7 mT
shows a slow oscillation, indicating that the projection of
the magnetization vector on the photon direction M -k is
positive, and, hence, the angle is 40(3)°. The spectrum at
+25 mT shows a much faster oscillation, indicating that
M- kis negative, and, hence, the angle is 135(2)°.

All spectra were fitted with two hyperfine field contri-
butions. The main contribution (88%) reflects the magne-
tization in the core of the 'Fe layer. The other
contribution (12%) accounts for the interface regions
(3 A at each interface). For the core, we found a magnetic
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FIG. 3. Experimental time spectra for different external field
values taken with linearly polarized radiation (left) and circu-
larly polarized radiation (right). The line represents the theo-
retical fit to the data. 6 is the in-plane angle between M and k
obtained from the fit.

hyperfine field B, = —33.0(3) T. A small Lorentzian
distribution with FWHM = 0.08(1) T was included. The
interface showed a reduced hyperfine field By =
—31.7(5) T [22] with a distribution FWHM = 0.07(5) T.

For each external field value, we were thus able to
determine the magnetization vector in the 3'Fe layer.
Plotting the projection of the magnetization on the exter-
nal field direction as a function of the field strength yields
a nuclear resonant magnetization curve as shown in
Fig. 4(a). It is important to note that this is an isotope-
selective magnetization curve reflecting the magnetic
response of the central Fe layer only. This independent
information adds to the macroscopic magnetization curve
shown in Fig. 4(b) which reflects the response of all Fe
layers simultaneously. Combining both curves and assum-
ing the two outer Fe layers are identical, one can deter-
mine the magnetization direction in each Fe layer
separately. Let ¢ be the angle between the outer magne-
tization vectors and the external field and 6 be the angle
between the central magnetization vector and the external
field. The macroscopic magnetization [Fig. 4(b)] is then
given by (2cosg + cosf)/3. Since cosf is known from
the NRM results [Fig. 4(a)] the angle ¢ can be calculated.
Finally, also the angle between the central and the outer
magnetization vectors, |0 — ¢|, can be determined. The
latter is displayed in Fig. 4(c), and contains direct
and detailed information on the interlayer coupling. For
example, at remanence we find an angle between subse-
quent Fe layers of 162(4)°, which confirms the existence
of noncollinear interlayer coupling in the Fe/Cr(100)
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FIG. 4. Magnetization measurements with the applied
field along one of the easy axes in the sample. (a) Mag-
netization curve obtained via nuclear resonant magnetometry.
(b) Macroscopic magnetization curve. (c) Angle between the
magnetization vectors in the central and the outer Fe layers
obtained from the curves (a) and (b) as explained in the text.

multilayer. Indeed, the fact that the angle at remanence
deviates from 180° proves that the interlayer coupling is
not purely antiferromagnetic, but contains noncollinear
contributions.

In conclusion, by introducing circularly polarized ra-
diation in nuclear resonant scattering we were able to
measure an isotope-selective magnetization curve. The
sign sensitivity, which is crucial for a correct interpreta-
tion of the results, was obtained by including a nuclear
resonant reference sample mounted on a constant velocity
drive. It was shown how nuclear resonant magnetometry
can be used for layer-selective magnetization measure-
ments in multilayers and thin films. Thanks to the high
brilliance of third-generation synchrotrons, nuclear reso-
nant magnetometry can in the future be applied to even
smaller structures with submonolayer coverage of the
resonant isotope. We therefore believe that the technique
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can have a wide range of applications in magnetism
research.
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