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Measurement of a Pauli and Orbital Paramagnetic State in Bulk Gold
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We show that bulk gold (Au) exhibits temperature-independent paramagnetism in an external magnetic
field by x-ray magnetic circular dichroism spectroscopy at the Au L, and L3 edges. Using the sum-rule
analysis, we obtained a magnetic moment of 1.3 X 10™* up/atom in an external magnetic field of 10 T
and a paramagnetic susceptibility of 8.9 X 107 for the 5d orbit. The induced paramagnetism in bulk Au
is characterized by a large (= 30%) orbital contribution. This orbital component was retained even when
Au atoms formed nanoparticles, playing an important role in stabilizing the spontaneous spin polarization

in the Au nanoparticles.
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Gold (Au), an inert noble metal with 5d electrons, is
known as a typical diamagnetic material with a negative
magnetic susceptibility; this behavior is in contrast to the
paramagnetism exhibited by other 5d metals, such as Pt
and Ir. Au, except when in elemental form, can possess
spontaneous magnetic moments when it forms alloys or
layered film structures with 3d transition metals [1-4].
Additionally, it has been reported that Au nanoparticles
(NPs) modified by some organic molecule at the surface of
the cluster exhibit superparamagnetism at low temperature
[5,6]. Au NPs have even been reported to exhibit ferro-
magnetism at room temperature [7-9]. Spontaneous mag-
netization in Au is presumably caused by a modification in
its electronic states near the Fermi level. Previous studies
have indicated the following as possible origins of magne-
tism in the special forms of Au: hybridization of the Au 5d
band with the 3d band in a 3d transition metal in alloys [2]
and in multilayers [3,4]; size effects; increase in the
surface-to-core ratio [5]; and charge redistribution in be-
tween Au 5d and the electron orbitals in molecules coor-
dinated on the cluster surface in the case of NPs [7-10].
These peculiar magnetic properties of Au have been at-
tracting increasing attention since the discovery of mag-
netic Au NPs. One promising approach for elucidating the
origin of magnetism in special forms of Au, particularly
NPs, would be to investigate at a fundamental level the
magnetism in elemental Au (i.e., parent material) in the
bulk form. One of the techniques for studying weak mag-
netism in Au is x-ray magnetic circular dichroism (XMCD)
spectroscopy [5,6,8,11]; it offers element and orbital spe-
cificity, high sensitivity to ferro- and paramagnetic mo-
ments, and no sensitivity to diamagnetic moments, in
principle [12]. In this study, we used XMCD to uncover
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Pauli paramagnetism in bulk Au, hidden in a diamagnetic
response larger than an intrinsic paramagnetic response.
We also found that a large orbital component of Au 5d
electrons contributes to the stability of spin polarization
in Au NPs.

A 5-um-thick polycrystalline Au foil with a purity of
99.99% was used as the sample; this purity is the highest
among those of commercially available foils. A
synchrotron-based x-ray fluorescence analysis was per-
formed to confirm the absence of magnetic impurities
such as Fe and Co in the sample within the detection limit.
The XMCD experiments were performed in the transmis-
sion mode at the beam line BL39XU at the SPring-8
synchrotron radiation facility, using x rays with a high
degree of circular polarization (P = 95%). An XMCD
signal, Au = u* — u~, was the difference between the
x-ray absorption coefficients for right- (x ") and left- (u ™)
circular polarizations and was directly taken using the
helicity-modulation technique [13]. A split-type supercon-
ducting magnet was used to apply external fields of up to
10 T along the x-ray beam direction that was perpendicular
to the foil plane.

Figures 1(a) and 1(c) show XMCD spectra of the sample
(Au foil) at the Au L3 (2p3;; — 5dsjp, 6s) and L,
(2p1ja — 5d3),, 6s) edges, respectively, measured at
10 T and a temperature of 2.3 K. In Figs. 1(b) and 1(d),
the corresponding spin-averaged x-ray absorption spec-
troscopy (XAS) spectra, it = (u* + w™)/2, are shown;
the step heights at the L3 and L, edges were normalized to
unity, and the XMCD data are presented as relative values
to the XAS step height. We verified that the signs of the
XMCD spectra were reversed for positive and negative
magnetic fields of the same magnitudes, i.e., =10 T,
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FIG. 1 (color online). XMCD spectra of an Au foil at the Au
(a) L3 and (c) L, edges, measured at 2.3 K and *10, +6, and
+2 T; corresponding XAS spectra at the Au (b) L5 and (d) L,
edges at +10 T.

although small systematic backgrounds (Au ~ 107°) were
included in the raw data. In Fig. 1(a), the spectra for +2,
+6, and +10 T, after the removal of the backgrounds, are
shown to linearly change with the applied magnetic field.
The raw spectrum data measured at —10 T, containing the
nonmagnetic backgrounds, are shown to be almost an
inversion of the spectra at +10 T. Measurements with
opposite magnetic field direction were combined to re-
move any spurious background of nonmagnetic origin.

The measured XMCD amplitude is 1074 times that of
the XAS signal, but the experiments gave clear dichroism
signals with a very high signal-to-noise ratio. The Au
XMCD signal of the foil at 10 T found in our study is 2
orders of magnitude smaller than that of AuysMn [1] and
AusyFesq alloys [2], which possess a ferromagnetic mo-
ment induced by adjacent Mn or Fe atoms, and our XMCD
signal is approximately 1/50 of Au/Co and Au/Fe multi-
layers [3,4]. We also found that our XMCD signal is 200
times smaller than that of paramagnetic Pd [1] and 10 times
smaller than that of paramagnetic Pt [14]. Thus, we suc-
cessfully detected a very small magnetic moment in bulk
Au, since XMCD amplitudes are basically proportional to
the moment of the target element.

Generally, the XMCD structure at resonance thresholds
is indicative of the magnetic states of 5d electrons. The
negative XMCD structure A at the L3 edge and the positive
structure a at the L, edge in our study indicate that the Au
5d moment is aligned parallel to the external magnetic
field. Above the resonance threshold, we observed some
oscillatory structures: B, C, and D at the L5 edge and b, c,
and d at the L, edge, which extend to 70 eV above the
resonance thresholds and diminish around that energy. It is
noted that similar oscillatory structures have been observed
in the XMCD spectra of Au nanoparticles protected by
poly(allylamine hydrochloride) (PAAHC)-Au NPs [5] and

thiol-capped Au NPs [8,15]. These structures were possi-
bly formed by electric dipole transitions to the n-s and m-d
(n, m = 6) bands. Although the oscillatory structures ex-
hibit XMCD amplitude comparable to the structures at the
resonance thresholds and vary linearly with the applied
magnetic field, their attributes are currently unresolved and
further investigation will be necessary. A conceivable in-
terpretation is that the structures originate from the very
strong orbital character of the higher-order empty states
because the signs of the oscillatory structures B-D and b-d
are the same in the L5 and L, edges. In the following, we
focus on the structures at the resonance thresholds to
discuss the magnetic states of the 5d electrons in Au.

Figures 2(a)-2(e) show element-specific magnetization
curves of the sample Au foil, i.e., the plots of the amplitude
of the XMCD structure A (11.920 keV) as a function of the
magnetic field and at a temperature from 2.2 to 300 K. The
curves demonstrate the linear dependence of the XMCD on
the external field and therefore clarifiy the paramagnetic
response of bulk Au [16]. In Fig. 2(f), the slope of the
magnetization curves, d(Aw)/dH, a measure of magnetic
susceptibility, was shown to be independent of temperature.
Figure 3(a) shows the temperature dependence of the
XMCD spectra at the Au Ly edge at 10 T. Clearly, the shape
and magnitude of the XMCD spectra are independent of
temperature from 2.3 to 300 K. From Fig. 3(b), it is seen that
the amplitude of the XMCD structure, A, at 2, 6, and 10 T
remains constant within the experimental error with chang-
ing temperature. On the basis of the thorough observations
that the XMCD is linearly dependent on the external mag-
netic field and independent of temperature, we presume that
bulk Au exhibits Pauli paramagnetism. Additionally, these
results deny the possibility of contamination of unexpected
paramagnetic impurities in the sample.

It is noted that the magnetic signals of the Au foil do not
originate from magnetization induced at the surface but
rather from intrinsic bulk magnetism, which is in contrast
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FIG. 2 (color online). Element-specific magnetization curves
of Au foil drawn from the XMCD structure A at (a) 2.2, (b) 10.7,
(c) 50.4, (d) 102, and (e) 300 K between *=10 T. (f) The slope
of the magnetization curves, d(Aw)/dH, as a function of
temperature.
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FIG. 3 (color online). (a) XMCD spectra at the Au L edge, as
a function of temperature at 10 T. The spectra are shown with
adequate vertical offsets for better presentation, and the dashed
lines show the origin of XMCD values for each spectra.
(b) Amplitude of the XMCD structure, A, at 2 T (triangles),
6 T (circles), and 10 T (squares), as a function of temperature.

to the observation for Au thin films [17,18]. In our hard
X-ray measurement in the transmission mode, the entire
depth of the 5-um-thick foil along the x-ray beam direc-
tion was probed. Therefore, if a surface magnetic moment
would have existed and been confined to a few atomic
layers at the surface of the foil, the resulting signal would
have been diluted by <1073 owing to the large bulk-to-
surface ratio and would be undetectable in the experimen-
tal scheme.

We determined the orbital and spin magnetic moments,
Moy, and  mg,,, respectively, from the measured
XMCD spectra by the sum-rule analysis [19-21] as
Moy = —5(AA3 + AA)pp/C and mgy, = —(AA;; —
2AA,)pp/C, where AAps = [, Au(E)dE and AA;, =
J1, A(E)dE are the integrals of the XMCD spectrum at
the L3 and L, edges, respectively; C = (A;3 + Arr)/ I
is the ratio of the sum of the white-line integrated inten-
sities, A;3 = [;3 @(E)dE and Ap, = [,, i(E)dE, after
the subtraction of the contribution of the transition to the
continuum, to the total 5d hole number, Ay = hs/, +
hs,. The spin dipolar term was neglected in the case of the
polycrystalline sample. To obtain the values of m,y,, and
Mgpyin, We used an approach similar to that in Refs. [22,23],
where the ratio C was used instead of using separate values
of A;; + A, and hyy,. Using this method, one can avoid
the unambiguity that can arise when subtracting the back-
grounds of XAS spectra that correspond to an excitation
into the continuum. Note that C is constant for the
given absorption edges; its value was derived using the
following equations [24]: A; 3 = C'(6hs/, + h3),)E;/15E,
and A;, = C'hy)y/3, where E5 = 11.919 keV and E, =
13.733 keV are the binding energies of the Au L3 and L,
edges, respectively. C' = CoNyE,(R,*F)? = 7.484 X
10* eV /cm [25], which was obtained using Cy =4m*a/3

(here, « is the fine-structure constant); N, is the density of
Au atoms, and R ;*” is the radial dipole integral of the 2p
wave function. Then, C can be expressed as

C = C’%E[l +§(&_ 1)&]
5E, 6 \E;3 hsjy + h3p

We obtained C = 2.7 X 10* eV/cm with hs)y/hs)n = 2.4
[24,26]. The integral AA;3 (AA;,) was determined from
the XMCD intensity integrated for the first structure A (a)
from 11.890 (13.701) to 11.924 (13.734) keV, reasonably
chosen to include the primary contribution from 5d elec-
trons. These two integrals were then multiplied by
pAo;y =2127 cm ! and pAo;, =935 cm™! [27], re-
spectively, where Ao 5 and Ao, are the differences in the
x-ray absorption cross sections above and below the Au 15
and L, edges, and p is the mass density of Au.

From these analyses, the spin and orbital magnetic mo-
ments of bulk Au were determined to be mgy, = 9.8(9) X
107> wp/atom and mgy, = 2.8(3) X 1073 wpg/atom, re-
spectively, and the total magnetic moment mgyi, + Mg,
was found to be 1.26(12) X 10™* wpz/atom; these mo-
ments were induced in the Au 5d orbit by a magnetic field
of 10 T at 2.3 K. The total moment corresponds to a
paramagnetic susceptibility x>d, of 8.9(9) X 107°, based
on the linear dependence of the XMCD amplitudes on an
external magnetic field in Figs. 1(a) and 2(a)-2(e). The
magnitude of 3%, is 25% that of the Au diamagnetic
susceptibility, x4, = —3.5 X 107°. In conventional mac-
roscopic magnetometry, the Pauli paramagnetic response
in Au is hidden by the larger diamagnetic signal. In con-
trast, our XMCD spectroscopy measurement successfully
extracted the hidden Pauli paramagnetic response.

Table I presents a comparison between the experimental
values of the paramagnetic susceptibility and the corre-
sponding theoretical values obtained using a simple rigid-
band model. If the Stoner enhancement is neglected, the
Pauli paramagnetic susceptibility is expressed as X%Zun =
2u 5D (ER), where D3 (Ey) is the partial density of
states of the 5d electrons at the Fermi energy. A reported
value of D (Ep) =0.073 eV~ 'cm™! by a relativistic
band calculation [24] gives x3d . = 5.8 X 107°. Thus,
the experimental value of paramagnetic susceptibility,
Xoda = 8.9 X 1076, is in reasonable agreement with the
theoretical value x3¢ . under the consideration of the
primary contribution from the 5d electrons to the XMCD
amplitude at the resonance threshold. Nevertheless, the
small discrepancy remains, probably due to the orbital

TABLE I. Experimental and theoretical magnetic susceptibil-
ity values of Au.

Experimental (X 107°) Theoretical (X 107°)

Xdia X ;Sxffra X §;’in X Zﬁg X f"a{uli
—35 8.9(9) 6.9(6) 2.0(2) 58
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contribution to the susceptibility [12,28]. In the analysis
above, we assume a substantial density of states of the Au
5d electrons at the Fermi energy. A recent polarization-
dependent hard x-ray photoemission study has supported a
prominent 5d contribution to the conduction electrons [29].

We found that the induced magnetization in bulk Au has
a significant orbital contribution to the susceptibility. The
ratio of the orbital to spin magnetic moments was deter-
mined to be Mg/ Mgy = 0.28 = 0.04. This value is ap-
proximately 3 times #1, /Mgy, = 0.12 for Auin a Au/Co
multilayer [3] and mgg/mgy, = 0.10 in Au-capped Co
NPs [23], and it is even greater than morb/mspin =0.14
for AuyMn [1] and myy, /mgy, =~ 0.2 for Au-Fe alloys [2].
The observed 5d paramagnetic susceptibility can be re-
solved into spin and orbital components by using the
ratio Mo /mgyy. Then, the spin susceptibility x3%, is
6.9(6) X 107 and the orbital susceptibility x4 is
2.0(2) X 107°. The value of ngin is in excellent agreement
with the theoretical value of the Pauli spin susceptibility,
X3+ Possible contributing factors to the large orbital
fraction of the paramagnetic moment could be (i) the
orbital susceptibility due to spin-orbit interactions or
(i1) the Kubo-Obata orbital susceptibility [28], both of
which have been said to be possible contributing factors
to the orbital component of the paramagnetic moment in
Pd metal via XMCD study [1].

Finally, we compare the XMCD spectra of the bulk Au
with those of PAAHC-Au NPs with a mean diameter
1.9 nm reported earlier [5] in Fig. 4. For the NPs, the
structures A’ and «’ at the thresholds are more enhanced
at both the L; and the L, edges than in bulk Au, whereas
the structures B and b above the edge agree reasonably
with those in bulk Au. The strong XMCD features confined
at the thresholds suggest that the spontaneous spin polar-
izations of 5d electrons are responsible for the superpara-
magnetism observed in PAAHC-Au NPs [5]. By the sum-
rule analysis similar to that applied to bulk Au, the orbital-
to-spin magnetic moment ratio was determined for
PAAHC-Au NPs. The resulting value, mggy/ Mgpin =
0.31 = 0.06, reveals that the fraction of the orbital compo-
nent is remarkably large in Au atoms of the NPs, which
are ferromagnetically polarized, as well as paramagnetism
observed in bulk Au. This large orbital contribution

probably plays a major role in stabilizing the spontaneous
spin polarization in PAAHC-Au NPs [30]. Further, we
emphasize that the obtained m,y,/ Mgpin ratios for bulk Au
and Au NPs are much larger than those in systems com-
posed of Au and 3d transition metals [1-3,23]. Crespo
et al. reported that Fe impurities reduce the spontaneous
magnetization of, as well as the strong local anisotropy
field present at, surfaces of thiol-capped Au NPs [31].
These facts support our argument that the large orbital
component observed for Au NPs is an intrinsic feature of
elemental Au and it contributes to stabilizing ferromag-
netic polarization. We can therefore say that the large
orbital components observed in both bulk Au and Au
NPs are common features of 5d electrons of Au and that
these features possibly originate from the prominently
strong spin-orbit coupling.

In conclusion, our XMCD study has demonstrated that
bulk Au exhibits both Pauli and orbital paramagnetism.
Our discussion relating to the XMCD results in PAAHC-
Au NPs leads to one possible picture in which a large
orbital component of bulk Au can be retained in the Au
NPs. We speculate that this contribution is the primary
origin of the spontaneous spin polarization in Au NPs, in
addition to electronic hybridization and lattice strain.
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