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Phase-resolved x-ray ferromagnetic resonance (XFMR) has been measured in fluorescence yield,

extending the application of XFMR to opaque samples on opaque substrates. Magnetization

dynamics were excited in a Co50Fe50(0.7)/Ni90Fe10(5) bilayer by means of a continuous wave

microwave excitation, while x-ray magnetic circular dichroism (XMCD) spectra were measured

stroboscopically at different points in the precession cycle. By tuning the x-ray energy to the L3

edges of Ni and Fe, the dependence of the real and imaginary components of the element specific

magnetic susceptibility on the strength of an externally applied static bias field was determined.

First results from measurements on a Co50Fe50(0.7)/Ni90Fe10(5)/Dy(1) sample confirm that

enhanced damping results from the addition of the Dy cap. VC 2011 American Institute of Physics.

[doi:10.1063/1.3567143]

Precessional dynamics are exploited in the operation of

high frequency magnetic devices such as magnetic disk

drives, nonreciprocal microwave devices, and spin transfer

oscillators. The trajectory of precession and its damping are

of crucial importance, and x-ray magnetic circular dichroism

(XMCD) has the potential to provide new insight. The chem-

ical specificity of XMCD means that it is possible to isolate

the precession in different regions of the sample. By meas-

uring the relative amplitude and phase of oscillation at each

chemical species and at distinct sites in the crystal structure,

one may in principle determine whether the relaxation takes

place preferentially at a specific location within the structure.

X-ray ferromagnetic resonance (XFMR) combines

XMCD and ferromagnetic resonance (FMR) phenomena in a

technique capable of measuring the FMR response of an

alloy or a multilayer with both chemical and site specificity.

Previous XFMR studies can be divided into two distinct cat-

egories: phase-resolved measurements1–3 and time-averaged

measurements.4–6 Both types of measurements are generally

performed in transmission, although an earlier phase-

resolved study was performed in reflection at grazing inci-

dence.7 Transmission measurements are usually limited to

samples grown on substrates such as Si3N4 that are transpar-

ent in the soft x-ray regime. In this paper, we present the

first phase-resolved XFMR measurements made in fluores-

cence yield. A Ta(5)[Cu(25)/Ta(3)]3/Cu(25)/Ta(10)/Ru(5)/

Co50Fe50(0.7)/Ni90Fe10(5)/Ru(3) stack (thicknesses in nano-

meters) was magnetron sputtered onto an insulating sapphire

substrate. A second stack with a Dy(1) layer inserted

between the Ni90Fe10(5) and the Ru(3) layers was also de-

posited. For today’s thin sensor layers containing NiFe, the

Fe concentration is typically in the range of 8–12%. It is for

this reason that we look at Ni90Fe10 as opposed to the more

commonly studied Ni80Fe20. Elements with 490 lm� 400

lm of the ferromagnetic bilayer were formed on the Cu

underlayer by electron-beam lithography and ion beam mill-

ing. Photolithography was then used to pattern the exposed

Cu into a coplanar waveguide structure with 50 X character-

istic impedance. The experimental geometry for the XFMR

measurement is shown in Fig. 1. Measurements were per-

formed in the portable octupole magnet system (POMS) on

beam line I06 at the diamond light source (x-ray pulse

FWHM �30 ps) and in the vector magnet8 on beam line

4.0.2 at the advanced light source. Both chambers have an

integrated octupole magnet that allows a static magnetic field

to be applied in any direction. An in-plane RF magnetic

field, of frequency 4 GHz, was used to excite the sample

magnetization into a state of steady precession about an

externally applied static bias field that saturates the sample

magnetization along the symmetry axis of the coplanar

waveguide. During precession, there are time dependent

magnetization components perpendicular to the static bias

field. The precession of the magnetization is highly elliptical,

with its major axis in-plane, because of the large demagnet-

izing field found in the ferromagnetic thin film. Sensitivity to

this large in-plane component is assured by setting a large

angle of incidence for the x-rays. The fluorescence yield is

detected using a soft x-ray photodiode (AXUV20A froma)Electronic mail: mkm202@ex.ac.uk.
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International Radiation Detectors) positioned directly above

the sample where it subtends a large solid angle. Phase-

resolved XFMR measurements require the RF magnetic field

and the x-ray pulses to have a fixed phase relation. This is

achieved by using a custom comb generator system (Atlantic

Microwave Ltd) that takes the 500 MHz synchrotron master

oscillator as its input and outputs a specific integer multiple

of the master oscillator signal with a fixed phase relation.

The phase of the RF excitation can then be adjusted relative

to that of the x-ray pulses using a programmable phase

shifter with 1 ps resolution (Colby Instrument PDL-100A).

The output of the comb generator is amplitude modulated at

audio frequencies and the phase-resolved fluorescence signal

recovered by passing the output of the photodiode into a

lock-in amplifier. To ensure nonzero RF magnetic field am-

plitude at the sample position for a broad range of excitation

frequencies, the center conductor of the coplanar waveguide

was shorted at one end so as to provide a current antinode

close to the sample position when excited by the comb gen-

erator. The central conductor width was 500 lm, and no

heating effects were seen in the presence of the RF current.

The magnetic element was positioned 5 lm away from the

edges of the central conductor to avoid unwanted out of

plane excitation. Total electron yield measurements could

also be made by measuring the drain current because the RF

cabling is electrically isolated from the vacuum chamber.

Tuning the x-ray energy to the L2,3 absorption edges

leads to the excitation of electrons from the 2p core level to

the unoccupied 3d states. There are two main decay channels

of the hole created in the 2p core level, namely emission of

photons (fluorescence yield) and secondary electrons (elec-

tron yield). The latter has a higher probability for the transi-

tion metal L edges9 but has the undesirable property that the

emitted electrons are very sensitive to both RF and static

magnetic fields. To ensure that there is no electron yield con-

tribution to the measured signals, a 200 nm thick aluminum

foil (Lebow Co) was placed over the active area of the pho-

todiode. Hysteresis loops are obtained by sweeping the bias

FIG. 2. (Color online) (a) Hysteresis loop taken at the Ni L3 edge by sweep-

ing the bias field along the x-ray beam. (b) Ni XAS and XMCD.

FIG. 1. (Color online) (a) Block diagram of the apparatus and the experi-

mental geometry. Phase resolved measurements are made of the components

of the magnetization perpendicular to the static bias field.

FIG. 3. (Color online) Field sweeps acquired at (a) the Ni L3 and (b) Fe L3

edges yield the real and imaginary components of the magnetic susceptibil-

ity. Comparison of (a) and (b) confirm that the Ni and Fe precess in phase

because of the strong exchange coupling.

FIG. 4. Phase-resolved Ni XMCD spectra acquired with fixed circular x-ray

polarization through one cycle of the 4 GHz excitation.
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field with the x-ray energy set to that of the L edge. The

x-ray absorption spectroscopy (XAS) and static XMCD

signals are obtained by saturating the sample magnetization

parallel and antiparallel to the x-ray beam. Typical examples

obtained from Ni are shown in Fig. 2.

Phase-resolved measurements are made either by fixing

the x-ray energy and sweeping the bias field (field sweeps)

or by fixing the bias field and sweeping the x-ray energy

(phase-resolved XMCD spectra). Field sweeps performed at

the Ni and Fe L3 edges are shown in Fig. 3. The static bias

field is applied along the symmetry axis of the coplanar

waveguide, and the scan reveals the bias field at which reso-

nance takes place for a given RF excitation frequency. Meas-

urements are made with the phase between the RF waveform

and the x-ray pulses set at two values p/2 rad apart. This

yields signals with lineshapes characteristic of the real and

imaginary components of the transverse magnetic suscepti-

bility. Comparison with field sweeps taken at the Fe L3 edge

confirms that the Ni and Fe precess in phase within experi-

mental error, as expected because of the strong exchange

coupling between the Ni and Fe. The resonant bias field is

extracted by Lorentzian fitting.

Phase-resolved XMCD spectra are acquired at the reso-

nance field with a fixed circular x-ray polarization. Because

the XMCD signal is proportional to the projection of the

x-ray wave vector onto the magnetization vector, the phase-

resolved XMCD spectra shown in Fig. 4 change sign as the

phase of the microwaves, and hence, the precession is shifted

by p radians.

Recently, it has been shown that capping spin transfer

torque oscillators with rare earth materials can lead to

increased damping that reduces spin transfer torque noise.10

Capping is preferred to doping of the free layer with a rare

earth element because the latter could adversely affect the

magneto resistance. The initial results shown in Fig. 5 show

a clear broadening of the resonance in a Dy capped sample

relative to an uncapped sample, confirming the enhanced

damping caused by the Dy capping layer. A detailed study

combining phase-resolved XFMR measurements in fluores-

cence yield with Time Resolved Kerr Microscopy (TRKM)

and Vector Network Analyzer Ferromagnetic Resonance

(VNA-FMR) will be published elsewhere.

At room temperature, bulk Dy is paramagnetic. One

might expect some intermixing of the Dy at the interface and

possibly a magnetically polarized layer, with the rest of the

Dy cap being paramagnetic. Partial ordering of the magnet-

ization of the Dy cap was confirmed by a small measured

dichroism (0.1% asymmetry) at the Dy M5 edge (not shown).

The significant enhancement of the damping can be attrib-

uted to the large spin-orbit coupling of the Dy that provides

an effective channel for the transfer of angular momentum to

the lattice.

We have demonstrated that high quality phase-resolved

XFMR measurements may be performed in fluorescence

yield XMCD spectra that have been obtained over a com-

plete cycle of 4 GHz RF excitation, and field sweeps per-

formed at the L3 edges of Fe and Ni yield the real and

imaginary parts of the transverse magnetic susceptibility.

Comparison of samples with and without a Dy capping layer

confirms the presence of an enhanced damping in the former

structure. Fluorescence yield measurements may be per-

formed on opaque samples deposited on opaque substrates,

widening the application of XFMR measurements.
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FIG. 5. (Color online) Comparison of measurements performed on capped

and uncapped samples confirm the enhanced damping caused by the Dy cap.

Lines are Lorentzian fits to the experimental data (symbols).
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