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Advantages of superconducting quantum interference device-detected
magnetic resonance over conventional high-frequency electron
paramagnetic resonance for characterization of nanomagnetic materials
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A dc-detected high-frequency electron paramagnetic reson@ife€EPR technique, based on a
standard superconducting quantum interference de{8@UID) magnetometer, has significant
advantages over traditional HF-EPR based on microwave absorption measurements. The
SQUID-based technique providepiantitative determination of the dc magnetic moment as a
function of microwave power, magnetic field and temperature. The EPR spectra obtained do not
contain variability in the line shape and splittings that are commonly observed in the standard
single-pass transmission mode HF-EPR. We demonstrate the improved performance by comparing
EPR spectra for Fe8 molecular nanomagnets using both SQUID-based and conventional
microwave-absorption EPR systems.28005 American Institute of Physics
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I. INTRODUCTION are offset and the base line represents the zero for each trace.
Figure Xa) shows the line shape foy” in the absence of
High-frequency electron paramagnetic resonatid-  magnetic field modulation. The line position would be
EPR has proved to be an invaluable technique for characmarked by the field at which the maximum is observed. This
terization of magnetic materials! HF-EPR is generally per-  relative signal shape has also been shown to be characteristic
formed using one of two configurations. In the fitétthe  of the superconducting quantum interference device
sample is contained within a resonant cavity and the Chang@QUlD)-detected and Hall-bar detected EPR suppression of
in quality factor (Q) is measured, from which the out-of- the magnetic momerit*!In the presence of field modulation
phase imaginaryabsorption component of the complex vol-  the absorptive signal appears as the first derivative, shown in
ume microwave susceptibility is determineg, or the  Fig 1(p), and the line position is determined by the zero
change in resonant frequency of the cavity is measured, frofgrossing. The first derivative of the reactive signal is illus-
which the in-phase realdispersiof componenty’ is de-  yated in Fig. 1c), and the line position is marked as the
rived. The second configuration is a single-pass or transmisyaximum. Resonant cavity measurements in conjunction

sion measurement where the sample is mounted inside i, an automatic frequency control that compensates for the
waveguide and the change in transmitted radiation power is

measured as a function of the swept magnetic figliThe

former has the advantage of high sensitivity and discrete ob- 1
servation ofy’ and y”, whereas the latter has the advantage
of broadband measurements and ease of use. Unfortunately,
discrete line shape analysis of the transmission technique is
hindered by admixtures of absorptive and dispersive signals
as well as effects related to the microwave propage(tion.

In general, for an exchange-coupled spin system, the
EPR signal tends towards a Lorentzian line shape. Following
Pake and Purcélin Fig. 1 we analyze the complex magnetic
susceptibility, y, where y=x'+iy” in terms of the dimen-
sionless parametersuch thax=2(H,—H)/AH;,, whereH,,

H and AH4,, are, respectively, the resonance field, swept 5 % 7
field, and the full width at half maximum in units of A/m on

. . Magnetic Fleld 2(H -H)/aH
the absciss&.On the ordinate we plot the product of the v
volume static susceptibility, the angular frequency in FIG. 1. Simulated spectra based on a Lorentzian line shape and Bloch

Hz and the transverse spin |ifetirﬁ'§ in secondg_The traces formalism. (see Ref. 8 The traces are offset with the base line of each
representing its zer@a) Non modulated example of either rf-detecfgtor

x=(1 -I-)(z)-1

Intensity x,o,T, (offset)

S1'=5(/(14))

(d) Asy'+Bsy”

dc-detected suppression gf with arbitrary units.(b) First derivative of(a)
dauthor to whom correspondence should be addressed; electronic maitepresenting field modulated. (c) Field modulatedy’. (d) A mixture of (b)
bcage@boulder.nist.gov and(c).
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change in resonant cavity frequency can discretely separate v =141 GHz oreul
these components. However, in the case of transmission T=4K
measurements using over-moded waveguide, the line is com- 0 r v
monly a superposition of these two components. This leads
to a mixed spectrum, such as that shown in Figl),lwhere
it is not cleara priori where the line position should be
marked or even whether a single peak is present. The meth-
ods in use to address this problem &@, iterative adjust-
ments of the frequency or phase of the excitation radiation
during the experiment until the line shape appears either ab-
sorptive or dispersive(b) post-experimental analytic fitting
of the line, or(c), a combination of both.Unfortunately, !
these methods entail a certain amount of operator judgment
and assumptions as to the signal shape. Another problem
with rf-detected transmission techniques is propagation efg|G. 2. RF-detected HF-EPR spectra of ag Siagle crystal withH parallel
fects, which can be present when the dimension of theéozat 141 GHz and 4 K.
sample is close to the wavelength of the exciting radiation.
These effects are described in Ref. 7 as in the case of a plan&+1 M, energy levelg-10,-9,...9,10) whereM is the
parallel solid sample where the transmitted power througlecondary quantum number for taeomponent of the elec-
the faces perpendicular to the propagation direction result ifyon spin angular momentum. In general, this compound is
Fabry-Pérot-like interference fringéshese propagation ef- modeled as a double-well potential with the ten negafie
fects are affected by the) sample thicknessgj) magnetic  |evels on one side and the ten positivig on the other.
field, (c) radiation frequency an(tl) any other perturbations Shown in Fig. 2 are the spectra of a single aligned crys-
of the refractive index. tal of Fe, obtained with a conventional transmission HF-EPR
Here, we present a SQUID-based multi-frequency EPRyystem at 141 GHz and 4 K. The upper trace shows a spec-
method with consistent line shapes that are independent @ium with no operator influence. The lower trace shows the
small experimental changes in phase and frequency. No oRpectrum after iterative operator adjustments of the fre-
erator judgment of the spectrum is required and, thus, littleyyency until the spectrum appears to contain as few disper-
doubt as to the shape, position of the resonant field, or numsjve elements as possible. A series of peaks are assigned to
ber of peaks exists. Additionally, the SQUID detected techthe S=10 ground state. The peaks are labeled with numbers
nique does not dil’ectly detect the transmitted rf, and thUSr;epresenting the angu|ar momentum eigenvahukss,from

Small frequency
adjustment

Intensity (a.u.)

Magnetic Field 1 H (T)

propagation effects are not present. which the spins are excited by theM =1 transition, i.e.,
Ms=-10 represents the transition frolhs=-10 to —-9. Ad-
Il. EXPERIMENT ditional structure in the spectra is sample dependent with

.. 8 .
A detailed description of the apparatus is given in Ref. 9_unclear or|g|n51. A comparison of the upper and lower traces
'shows that small changes in experimental conditiohs

we briefly outline it here. We used a commercial SQUID~100 500 MH it diff Thi .
magnetometer capable of field sweeps from Oto 7 T and, B 4 result in very different spectra. This vari-

temperature sweeps of 1.8—400 K to obtain the magneti@b'“ty in the spectra creates a degree of uncertainty as to

moment. A Klystron operating at 100 mW and 141 GHz Wasv.vhere to mark with field positions. The observed peak posi-

used to generate the microwaves. The power levels used fions are consistgnt With the. eigl%nstates and known literature
this experiment are estimated at 25 mW delivered to thé/alues of the spin Hamiltonian

sample. We have found that data are obtainable at power 7 = uggH-S+DS,?+E(S,?-S,? + B0}, (1)
levels as low as an estimated 1 mW. There are small line . ) .

shifts and considerable line broadening at high powers anyheréus is the Bohr magnetory is the Landeg tensorH is

1.8 K: these effects are under investigation. The measure]® applied magnetic field is the uniaxial spin-spin cou-
sample consisted of a single alignBe,0,(OH)y,(1,4,7-  Pling parameterf: is a measure of the magnetic anisotropy in
triazacyclononang]Brs- 9H,0 crystal, denoted as feThe @ Plane perpendicular to the easy axis of magnetization,
Fe, crystal was grown by the typical methiddand had a S S, andsS, are prOJectloqs alqng the hard, |ntermed|ate and
volume of approximately 3 mfnThe dc magnetic field was @Sy @xes of the electronic spin opereBprespectively, and

applied along the axis, z being the high symmetry magnetic the fourth order term is described in Refs. 15-18.
axis. In Fig. 3 we present the magnetization data of irethe

absencdupper curvg and presencéower curve of micro-
wave irradiation at 4 K and 141 GHz. In the absence of mi-
crowaves a simple saturation curve is measured. Upon irra-
Fe; is one of the best known single-molecule nanomag-diation a series of dips in the magnetization appear. These
nets and has been extensively characteriZéd® These dips correspond to electron paramagnetic resonant absorp-
studies have determined that the electronic ground state t®on of microwave power between adjacévit levels. The
S=10 whereS is the primary electronic spin quantum num- inset shows the percent saturation which is equal(lo
ber with an excited stat8=9 about 24 K above. There are —Mg,/Mys) X 100 whereM,,, and M are, respectively, the
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microwaves off In Fig. 4 we directly compare the rf-transmission-
detected and SQUID-detected data. In the upper trace we
5 40 plot the derivative of the data in the inset to Fig. 3 and in the
E lower trace we plot the lower trace of Fig. 2. The stick dia-
3 microwaves gram shows the calculated line positions. Little ambiguity
E on exists as to where to mark the line positions of the SQUID
§ 201 detected, whereas a large degree of uncertainty, especially in
g the transitions at lower fields, exists for the rf-detected lower
2 trace.
(] : T T T IV. CONCLUSION
Magnetic Field s H (T) We have demonstrated that SQUID-based HF-EPR pro-

vides a quantitative determination of the dc magnetic mo-
FIG. 3. Magnetization of a single aligned crystal oFeith H parallel to  ment of nanomagnetic materials as a function of known mi-

z, as a function of magnetl_c fleld and microwave irradiation at 4 K and crowave irradiation power, and removes uncertainties in the
141 GHz. The upper trace is in the absence of microwaves and the low

t . . N .
trace is in the presence of microwaves. The inset shows a semilog plot oftljéne pOSItIOhS a_nd line shapes _that anse in standard single-
percent saturation as a function of swept field. pass transmission HF-EPR. This design should be amenable

to perform an rf-detected reflection EPR experiment fol-

z-axis magnetizatior(M,) in the presence and absence of lowed t_)y a SQUID-_based_ EPR experimer_1t thus enabling
separation of the dispersive and absorptive elements for

microwave irradiation. In contrast to the transmission data; )
however, there are clear maxima and little ambiguity existsquesnonable spectra.

as to where to mark 'Fhe. peak positioffhese peak ampli- A ~KNOWLEDGMENTS
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