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Spectroscopic evidence for strong quantum spin fluctuations
with itinerant character in YFe2Ge2
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We report x-ray absorption and photoemission spectroscopy of the electronic structure in the normal state
of metallic YFe2Ge2. The data reveal evidence for large fluctuating spin moments on the Fe sites, as indicated
by exchange multiplets appearing in the Fe 3s core-level photoemission spectra, even though the compound
does not show magnetic order. The magnitude of the multiplet splitting is comparable to that observed in the
normal state of the Fe-pnictide superconductors. This shows a connection between YFe2Ge2 and the Fe-based
superconductors even though it contains neither pnictogens nor chalcogens. The implication is that the chemical
range of compounds showing at least one of the characteristic magnetic signatures of the Fe-based superconductors
is broader than previously thought.
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The interplay between superconductivity and magnetism
is one of the most interesting topics in condensed matter
physics. Conventional, i.e., s-wave electron-phonon mediated,
superconductivity is damaged by nearness to magnetism [1].
On the other hand, unconventional forms of superconductivity
can be realized in proximity to magnetically ordered states, as
exemplified by high-TC cuprates, heavy fermions, and iron-
based high temperature superconductors (Fe-HTSC) [2,3]. In
the case of Fe-HTSC, there is evidence for a close association
between magnetism and superconductivity, and in particular
an unconventional spin-fluctuation mediated superconducting
state is considered likely [4,5]. Nematicity and its relationship
to magnetism have also been discussed as a common feature
of Fe-HTSC [6,7]. Two signatures are particularly indicative
of the unusual magnetism found in the pnictide Fe-HTSC. One
consists of large discrepancies between the experimental phase
diagrams and mean-field-like approximate density functional
theory (DFT) calculations, which overestimate the magnetic
tendencies [8]. In particular, the antiferromagnetic ordered
spin moments were found to be considerably smaller than
the DFT predictions of magnetic ground states with large spin
moments (≈2 μB ) that are largely independent of doping. The
other signature is the presence in the normal nonmagnetically
ordered states of large fluctuating spin moments detected with
fast measurements occurring on subpicosecond time scales,
such as inelastic neutron scattering (INS), x-ray emission
(XES), and core-level photoemission spectroscopy (PES)
[9–13]. It has been discussed how the interplay of spin and
nematic fluctuations in the normal state may be central to high
temperature superconductivity [14–16].

In this Rapid Communication, we report x-ray absorption
and photoemission spectroscopy of the electronic structure
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in the normal state of YFe2Ge2. The data reveal a striking
resemblance with the electronic structure of Fe-pnictide
superconductors, including the occurrence of fluctuating spin
moments on the Fe sites, as indicated by exchange multiplets
appearing in the Fe 3s core-level photoemission spectra.
The magnitude of the multiplet splitting is similar to that
found previously in the normal state of the Fe-pnictide
superconductor CeFeAsO0.89F0.11 [9]. These findings imply
that magnetic behavior similar to the Fe-HTSC can be found
in compounds containing neither pnictogens nor chalcogens,
and suggest that perhaps unconventional superconductivity
related to that in the Fe-pnictides could be found in Fe-Ge
compounds.

The YFe2Ge2 compound is an Fe-containing compound
with evidence for nearness to a quantum critical point [17].
YFe2Ge2 crystallizes in the ThCr2Si2-type structure (I4/mmm),
the same structure as the 122 Fe-pnictide Fe-HTSC. In
addition, there is evidence for possibly bulk superconductivity
with critical temperature TC = 1.8 K [17], although the issue is
still controversial [18]. Based on electron counting, YFe2Ge2

is electronically akin to KFe2As2, an Fe-based superconductor
with a highly enhanced specific heat, similar to YFe2Ge2 [19].
The related compound LuFe2Ge2, which is isoelectronic and
has the same structure as YFe2Ge2, exhibits antiferromagnetic
order below 9 K [20]. This magnetic order is continuously
suppressed in Lu1−xYxFe2Ge2 as the Y content is increased,
with the quantum critical point occurring for x ≈ 0.2 [21].
The proximity of the end series compound YFe2Ge2 to
quantum criticality is consistent with the non-Fermi-liquid
behavior of the specific heat and resistivity [17].

DFT calculations found magnetic ground states [22,23], in
contrast to the fact that YFe2Ge2 is a metal that does not exhibit
magnetic order. The DFT calculations show competition
between different antiferromagnetic states, including an A-
type antiferromagnetic structure consisting of ferromagnetic
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FIG. 1. (a) Fe 2p core-level PES spectrum excited with photon
energy hν = 907.5 eV. (b) FeL23 XAS spectrum. Note the marked
similarities with corresponding spectra excited in Fe-based high
temperature superconductors, as reported in Ref. [9].

Fe planes with antiferromagnetic stacking along the c axis
and, as shown by Subedi [22], a stripelike structure similar
to the Fe-based superconductors. The overestimation of the
magnetic tendencies within DFT is unusual, since in general
DFT underestimates the magnitude of the ordered spin moment
in correlated materials and normally gives reliable predictions
in the absence of strong correlations. It is not, however, un-
precedented: It suggests proximity to, or incipient magnetism.
In particular, besides the pnictide Fe-HTSC [3,8], it occurs
in several compounds near quantum critical points associated
with itinerant magnetism [24], as might be anticipated based
on theoretical arguments [25–27]. In strong analogy to the
pnictide Fe-HTSC, our x-ray spectroscopy data reveal in
the normal state of YFe2Ge2 the presence of both itinerant
electrons and large fluctuating spin moments on the Fe sites.

High quality crystalline samples were grown out of Sn flux.
X-ray powder diffraction patterns were found to be consistent
with that of the tetragonal crystal structure with space group
I4/mmm. The PES and x-ray absorption spectroscopy (XAS)
measurements were carried out on the BACH beamline at
the Elettra Synchrotron Facility. Several samples have been
measured at room temperature in a pressure better than
8×10−10 mbar. Surface cleanliness was assured by periodic
(every 20 minutes) in situ scraping with a diamond file [28].
Quantitative PES analysis of core-level spectra showed no
surface contamination during spectra acquisition.

The Fe 2p core-level PES and the FeL23 XAS spectra,
shown in Fig. 1, are remarkably similar to those excited in
some of the pnictide Fe-HTSC such as CeFeAsO0.89F0.11 [9]
and Ba(Fe1−xCox)2As2 [29]. As in the pnictide Fe-HTSC, the
Fe 2p PES and FeL23 XAS spectra display signatures which
are typical of delocalized, itinerant electrons, in agreement
with other studies [30,31]. Specifically, the Fe 2p PES spec-
trum does not show the additional satellite structures indicative
of the presence of strong electron correlation and localization
effects as, for example, found in the cuprates. Rather, the PES
Fe 2p is akin to that of Fe metal and intermetallic compounds
[32]. The FeL23 XAS spectrum [Fig. 1(b)] does not show the
presence of well-defined multiplet structures. The broad and
weak shoulder at ≈705 eV, also found in the Fe-HTSC, is
most likely indicative of the covalent nature of the Ge and Fe
conduction band states. Indeed, such structure is present in the

FIG. 2. (Color online) VB measured with photon energy hν =
907.5 eV. Note the high DOS at EF , denoted with the vertical dashed
line. Also shown are the calculated total DOS, and the Fe 3d , Ge 4s,
and Ge 4p partial DOS.

Fe XAS spectra of Fe − X (X is an sp element) compounds
with strong Fe 3d-X np hybridization such as Fe silicides [33].

Figure 2(a) shows the valence band (VB) PES spectrum of
YFe2Ge2. Given that the resulting samples are polycrystalline
due to in situ scraping of the surface, this spectrum provides
a representation of the occupied density of states (DOS),
modulated by atomic cross-section effects and instrumental
resolution (≈500 meV) Similar to the Fe-HTSC, there is a
high DOS at the Fermi level (EF ) primarily of Fe-derived
character. This is consistent with the line shape of the Fe 2p

PES spectrum: The high Fe DOS at EF is very effective in
completely screening the Fe 2p core-hole excitation, leading
to an absence in the core-level spectra of satellite structures.
Overall, there is a very good correspondence of the main
features in the VB with the total DOS and its decomposition
into its main three components, i.e., Fe-3d, Ge-4p, and Ge-4s,
as calculated in Ref. [23]. A more detailed comparison requires
including the proper orbital dependent cross sections for the
Fe-3d, Ge-4p, and Ge-4s states. This task is complicated by
the fact that the orbital decomposition in the linear augmented
plane-wave (LAPW) method relies on projections onto the
LAPW spheres. The Fe 3d states are almost entirely contained
in the LAPW sphere, making this a good approximation. On
the contrary, this is not the case for the Ge-4p and Ge-4s

states, due to their extreme delocalization. This preempts the
extraction of the precise Ge-4s and Ge-4p contribution to the
DOS, which is a prerequisite for including the cross sections.

Perhaps the similarities of the PES and XAS spectra shown
in Figs. 1 and 2 should not be that surprising, in light of the fact
that both YFe2Ge2 and the 122 Fe-HTSC have the same crystal
structure. On the other hand, the 122 Fe-HTSC are pnictides,
i.e., they contain pnictogen elements, and do not contain
Ge. The similarity with Fe-based compound containing Ge
is therefore not necessarily expected.
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FIG. 3. (Color online) (a) Fe 3s and (b) Ge 3s core-level PES
spectra excited with photon energy hν = 907.5 eV. The value of the
energy separation of the multiplet is �E3s = 3.15 eV.

The PES and XAS spectra shown in Figs. 1 and 2 are not
the only indication of a marked similarity between YFe2Ge2

and the pnictide Fe-HTSC. As in the pnictides, the Fe 3s

core-level spectrum in YFe2Ge2 exhibits a multiplet splitting
(M-SP) of the binding energy (BE). M-SP effects arise from
the exchange coupling of the core 3s electron with the net spin
SV in the unfilled 3d/4s shells of the emitter atom—Fe in this
case. Since M-SP occurs exclusively in atoms with the outer
subshell(s) partially occupied with a nonvanishing net spin
SV , the Fe 3s spectrum in Fig. 3(a) indicates the presence of
spin moments on the Fe sites [9,12,13]. The multiplet energy
separation �E3s permits estimation of the effective net spin
of the emitter atom, i.e., the local spin moment. It has been
shown that for itinerant systems the net spin SV can be found by
extrapolating the linear fit of the measured splitting �E3s for
ionic compounds versus (2SV + 1) [34,35]. This approach
has been used for itinerant magnetic systems, including the
pnictide Fe-HTSC [9,12]. Using this same approach, the value
of the measured splitting �E3s = 3.15 eV obtained with a
two-component fit of the Fe 3s spectrum [cf. Fig. 3(a)] provides
a value of the Fe spin moment 2SV ≈ 1μB [36]. On the con-
trary, the Ge 4s spectrum does not seem to show any splitting,
given the reasonably good fit obtained with a single Voigt
function [cf. Fig. 3(b)]. A two-peak fit would obviously give a
better chi-squared, but the splitting turns out to be very small,
indicating that, if any, the spin polarization of Ge is very small.

The extremely short time scales involved in the photoemis-
sion process (10−17–10−16 s) can account for the disagreement
with conventional static magnetic measurements, according
to which Fe in YFe2Ge2 is nonmagnetic, with a Pauli
paramagnetic susceptibility [17]. This indicates that, as for
the pnictide Fe-HTSC, the value ≈1μB extracted with PES is
an estimate of the averaged magnitude of fast-fluctuating spin
moments on the Fe sites. As for the Fe-HTSC, the best fits to
the Fe 3s spectra are always obtained when the curve fitting
the peak at higher BE is mainly of Gaussian character, with
a width much larger than that of the lower BE peak and that
expected from experimental resolution. Indeed, a system with
strong itinerant Fe-based spin fluctuations would locally mimic
fluctuations in the magnitude of the moment on Fe sites, which
should appear in an Fe 3s spectrum as sidebands at higher BE
with the envelope of the peaks being a Gaussian, reflecting
the normal character of their distribution. This is remarkably

different from spin fluctuations associated with paramagnetism
due to local moments of fixed magnitude as found in most Fe
compounds, since in this case all of the Fe local spin moments
would exhibit the same constant value, with two peaks of
similar width. Signatures of electron itinerancy and fluctuating
Fe spin moments similar to those found here for YFe2Ge2 are
also found in pnictide Fe-HTSC and other Fe-intermetallic
compounds that are either near quantum critical points (FeAl
[32,37], NbFe2 [38]) and/or were subsequently found to have
ordered magnetic ground states (NbFe2, TiFe2) [39–41].

One characteristic that may be expected for magnetism with
itinerant character, as suggested for the Fe-based supercon-
ductors [42], is the presence of longitudinal spin fluctuations
in the ordered state. We extended our previous calculations
reported in Ref. [23], to include a stripelike structure similar
to the Fe-HTSC [22] and an additional order with the
same in-plane arrangement, but antiferromagnetic stacking
along the c axis. The approach is the same as that used
previously, i.e., a PBE generalized gradient approximation.
Energies per formula unit relative to the non-spin-polarized
state were calculated for ferromagnetic (−120 meV), A-
type antiferromagnetic (−137 meV), C-type [−26 meV, (see
Ref. [23]], G-type (−4 meV), Fe-pnictide-like stripes with
ferromagnetic stacking (−129 meV), and Fe-pnictide-like
stripes stacked antiferromagnetically along c (−161 meV).
These indicate, following the arguments of Refs. [22,23], that
the magnetism has itinerant character. Additionally, there is
a clear competition between the A-type and stripelike states.
Although the antiferromagnetic stacked stripe has the lowest
energy, its origin in nesting of relatively small pockets as
discussed by Subedi [22] means that it is a sharper feature
in momentum space. As such, it may be more strongly
influenced by scattering and more readily suppressed by spin
fluctuations. This is similar to a proposed scenario in the triplet
superconductor Sr2RuO4 [43–45] where competition between
different magnetic orders [46] is important for suppressing
magnetism in favor of an unconventional superconducting
state. Both the lowest energy c-axis stacked stripe order and the
A-type antiferromagnetic orders couple strongly to electrons
at the Fermi energy, as indicated by the DOS N (EF ), which
is reduced by magnetic ordering to 51% and 68% of the
non-spin-polarized value, respectively.

The normal state of YFe2Ge2 is markedly similar to that of
pnictide Fe-HTSC. It appears to be quite unique: It features (i)
no signatures of strong local Mott-Hubbard-type correlations
analogous to the cuprate HTSC (cf. Fig. 1), (ii) an itinerant
Fe d-band character (cf. Fig. 2), (iii) a high DOS at EF (cf.
Fig. 2), (iv) an overestimation of the magnetic tendencies
within DFT, and (v) the occurrence of quantum fluctuations of
the Fe spin moment as revealed by multiplet splitting of the
binding energy of Fe 3s core-level PES spectra (cf. Fig. 3). The
1μB value of the Fe spin is similar to that found previously
in the normal state of the pnictide Fe-HTSC CeFeAsO0.89F0.11

[9,12]. In the pnictide Fe-HTSC, it has been proposed that
the occurrence of quantum fluctuations of the spin moment
could be responsible for the DFT overestimation of the ordered
spin moments [47–49]. There is growing evidence that strong
fluctuations of the spin moment are an important defining
characteristic of the normal state of the pnictides. Recent INS,
XES, and PES data have provided evidence of fluctuating Fe
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spin moments in both ordered and paramagnetic phases of
several pnictide compounds [10–13]. The values of the Fe
spin moments are much larger than those previously found
with conventional magnetic measurements such as nuclear
magnetic resonance (NMR), muon spin resonance (μ-SR), and
Mössbauer spectroscopy [3,13]. The detection of fluctuating
spin moments was possible because INS, XES, and PES
measurements occur on subpicosecond time scales, much
faster than the 10−8 – 10−6 s time scales typical of NMR, μ-R,
and Mössbauer.

In light of these facts, the apparent similarity of the
magnetic (fluctuating moments), crystallographic, chemical,
and electronic degrees of freedom of YFe2Ge2 to the Fe-HTSC
is important. Although there are some important differences
with respect to the pnictides, such as a nearby magnetic order of
different nature and an unusually high specific heat, YFe2Ge2

is a compound that shares many of the characteristics found in

the parent compounds of pnictides that were later found to host
high temperature superconductivity. Based on this, one might
speculate that high temperature superconductivity could be
found in compounds based on Fe and Ge. Certainly, it will be of
considerable interest to better elucidate the magnetic behavior
of metallic Fe-germanide compounds and their similarities and
differences from the Fe-based superconductors.

This work was supported by the National Science Founda-
tion, Division of Material Research, Grant No. DMR-1151687
(N.M.). A.D.C. and L.P. are supported by the scientific
User Facilities Division, Office of Basic Energy Sciences,
US Department of Energy (DOE). D.M. and D.J.S. were
supported by the US Department of Energy, Office of Science,
Basic Energy Sciences, Materials Sciences and Engineering
Division.

[1] N. F. Berk and J. R. Schrieffer, Phys. Rev. Lett. 17, 433
(1966).

[2] N. D. Mathur, F. M. Grosche, S. R. Julian, I. R. Walker, D. M.
Freye, R. K. W. Haselwimmer, and G. G. Lonzarich, Nature
(London) 394, 39 (1998).

[3] D. C. Johnston, Adv. Phys. 59, 803 (2010).
[4] I. I. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du, Phys.

Rev. Lett. 101, 057003 (2008).
[5] A. D. Christianson, E. A. Goremychkin, R. Osborn, S.

Rosenkranz, M. D. Lumsden, C. D. Malliakas, I. S. Todorov,
H. Claus, D. Y. Chung, M. G. Kanatzidis, R. I. Bewley, and T.
Guidi, Nature (London) 456, 930 (2008).

[6] C. de la Cruz, Q. Huang, J. W. Lynn, J. Li, W. Ratcliff II, J. L.
Zarestky, H. A. Mook, G. F. Chen, J. L. Luo, N. L. Wang, and
P. Dai, Nature (London) 453, 899 (2008).

[7] C. Fang, H. Yao, W. F. Tsai, J. P. Hu, and S. A. Kivelson, Phys.
Rev. B 77, 224509 (2008).

[8] I. I. Mazin, M. D. Johannes, L. Boeri, K. Koepernik, and D. J.
Singh, Phys. Rev. B 78, 085104 (2008).

[9] F. Bondino, E. Magnano, M. Malvestuto, F. Parmigiani, M. A.
McGuire, A. S. Sefat, B. C. Sales, R. Jin, D. Mandrus, E. W.
Plummer, D. J. Singh, and N. Mannella, Phys. Rev. Lett. 101,
267001 (2008).

[10] M. Liu, L. W. Harriger, H. Luo, M. Wang, R. A. Ewings, T.
Guidi, H. Park, K. Haule, G. Kotliar, S. M. Hayden, and P. Dai,
Nat. Phys. 8, 376 (2012).

[11] H. Gretarsson, A. Lupascu, Jungho Kim, D. Casa, T. Gog, W.
Wu, S. R. Julian, Z. J. Xu, J. S. Wen, G. D. Gu, R. H. Yuan, Z. G.
Chen, N.-L. Wang, S. Khim, K. H. Kim, M. Ishikado, I. Jarrige,
S. Shamoto, J.-H. Chu, I. R. Fisher, and Young-June Kim, Phys.
Rev. B 84, 100509(R) (2011).

[12] P. Vilmercati, A. Fedorov, F. Bondino, F. Offi, G. Panaccione,
P. Lacovig, L. Simonelli, M. A. McGuire, A. S. M. Sefat, D.
Mandrus, B. C. Sales, T. Egami, W. Ku, and N. Mannella, Phys.
Rev. B 85, 220503(R) (2012).

[13] N. Mannella, J. Phys.: Condens. Matter 26, 473202 (2014).
[14] S. Kasahara, H. J. Shi, K. Hashimoto, S. Tonegawa, Y.

Mizukami, T. Shibauchi, K. Sugimoto, T. Fukuda, T. Terashima,

Andriy H. Nevidomskyy, and Y. Matsuda, Nature (London) 486,
382 (2012).

[15] J-.H. Chu, H-.H. Kuo, J. G. Analytis, and I. R. Fisher, Science
337, 710 (2012).

[16] K. Nakayama, Y. Miyata, G. N. Phan, T. Sato, Y. Tanabe, T.
Urata, K. Tanigaki, and T. Takahashi, Phys. Rev. Lett. 113,
237001 (2014).

[17] Y. Zou, Z. Feng, P. W. Logg, J. Chen, G. Lampronti, and
F. M. Grosche, Phys. Status Solidi RRL 8, 928 (2014).

[18] H. Kim, S. Ran, E. D. Mun, H. Hodovanets, M. A. Tanatar, R.
Prozorov, S. L. Bud’ko, and P. C. Canfield, arXiv:1408.3319

[19] H. Chen, Y. Ren, Y. Qiu, W. Bao, R. H. Liu, G. Wu, T. Wu, Y.
L. Xie, X. F. Wang, Q. Huang, and X. H. Chen, Europhys. Lett.
85, 17006 (2009).

[20] T. Fujiwara, N. Aso, H. Yamamoto, M. Hedo, Y. Saiga, M. Nishi,
Y. Uwatoko, and K. Hirota, J. Phys. Soc. Jpn. 76, 60 (2007).

[21] M. A. Avila, S. L. Bud’ko, and P. C. Canfield, J. Magn. Magn.
Mater. 270, 51 (2004); S. Ran, S. L. Bud’ko and P. C. Canfield,
Philos. Mag. 91, 4388 (2011).

[22] A. Subedi, Phys. Rev. B 89, 024504 (2014).
[23] D. J. Singh, Phys. Rev. B 89, 024505 (2014).
[24] L. Ortenzi, I. I. Mazin, P. Blaha, and L. Boeri, Phys. Rev. B 86,

064437 (2012).
[25] A. J. Millis, Phys. Rev. B 48, 7183 (1993).
[26] M. Shimizu, Rep. Prog. Phys. 44, 329 (1981).
[27] I. I. Mazin and D. J. Singh, Phys. Rev. B 69, 020402

(2004).
[28] Fe and Ge core-level photoemission spectra did not exhibit

changes before several hours. On the contrary, the Y 3d spectrum
started to show additional peaks indicative of oxidation after
30–40 minutes.

[29] C. Parks Cheney, F. Bondino, T. A. Callcott, P. Vilmercati, D.
Ederer, E. Magnano, M. Malvestuto, F. Parmigiani, A. S. Sefat,
M. A. McGuire, R. Jin, B. C. Sales, D. Mandrus, D. J. Singh,
J. W. Freeland, and N. Mannella, Phys. Rev. B 81, 104518
(2010).

[30] W. L. Yang, A. P. Sorini, C-C. Chen, B. Moritz, W.-S. Lee,
F. Vernay, P. Olalde-Velasco, J. D. Denlinger, B. Delley, J.-H.

121102-4

http://dx.doi.org/10.1103/PhysRevLett.17.433
http://dx.doi.org/10.1103/PhysRevLett.17.433
http://dx.doi.org/10.1103/PhysRevLett.17.433
http://dx.doi.org/10.1103/PhysRevLett.17.433
http://dx.doi.org/10.1038/27838
http://dx.doi.org/10.1038/27838
http://dx.doi.org/10.1038/27838
http://dx.doi.org/10.1038/27838
http://dx.doi.org/10.1080/00018732.2010.513480
http://dx.doi.org/10.1080/00018732.2010.513480
http://dx.doi.org/10.1080/00018732.2010.513480
http://dx.doi.org/10.1080/00018732.2010.513480
http://dx.doi.org/10.1103/PhysRevLett.101.057003
http://dx.doi.org/10.1103/PhysRevLett.101.057003
http://dx.doi.org/10.1103/PhysRevLett.101.057003
http://dx.doi.org/10.1103/PhysRevLett.101.057003
http://dx.doi.org/10.1038/nature07625
http://dx.doi.org/10.1038/nature07625
http://dx.doi.org/10.1038/nature07625
http://dx.doi.org/10.1038/nature07625
http://dx.doi.org/10.1038/nature07057
http://dx.doi.org/10.1038/nature07057
http://dx.doi.org/10.1038/nature07057
http://dx.doi.org/10.1038/nature07057
http://dx.doi.org/10.1103/PhysRevB.77.224509
http://dx.doi.org/10.1103/PhysRevB.77.224509
http://dx.doi.org/10.1103/PhysRevB.77.224509
http://dx.doi.org/10.1103/PhysRevB.77.224509
http://dx.doi.org/10.1103/PhysRevB.78.085104
http://dx.doi.org/10.1103/PhysRevB.78.085104
http://dx.doi.org/10.1103/PhysRevB.78.085104
http://dx.doi.org/10.1103/PhysRevB.78.085104
http://dx.doi.org/10.1103/PhysRevLett.101.267001
http://dx.doi.org/10.1103/PhysRevLett.101.267001
http://dx.doi.org/10.1103/PhysRevLett.101.267001
http://dx.doi.org/10.1103/PhysRevLett.101.267001
http://dx.doi.org/10.1038/nphys2268
http://dx.doi.org/10.1038/nphys2268
http://dx.doi.org/10.1038/nphys2268
http://dx.doi.org/10.1038/nphys2268
http://dx.doi.org/10.1103/PhysRevB.84.100509
http://dx.doi.org/10.1103/PhysRevB.84.100509
http://dx.doi.org/10.1103/PhysRevB.84.100509
http://dx.doi.org/10.1103/PhysRevB.84.100509
http://dx.doi.org/10.1103/PhysRevB.85.220503
http://dx.doi.org/10.1103/PhysRevB.85.220503
http://dx.doi.org/10.1103/PhysRevB.85.220503
http://dx.doi.org/10.1103/PhysRevB.85.220503
http://dx.doi.org/10.1088/0953-8984/26/47/473202
http://dx.doi.org/10.1088/0953-8984/26/47/473202
http://dx.doi.org/10.1088/0953-8984/26/47/473202
http://dx.doi.org/10.1088/0953-8984/26/47/473202
http://dx.doi.org/10.1038/nature11178
http://dx.doi.org/10.1038/nature11178
http://dx.doi.org/10.1038/nature11178
http://dx.doi.org/10.1038/nature11178
http://dx.doi.org/10.1126/science.1221713
http://dx.doi.org/10.1126/science.1221713
http://dx.doi.org/10.1126/science.1221713
http://dx.doi.org/10.1126/science.1221713
http://dx.doi.org/10.1103/PhysRevLett.113.237001
http://dx.doi.org/10.1103/PhysRevLett.113.237001
http://dx.doi.org/10.1103/PhysRevLett.113.237001
http://dx.doi.org/10.1103/PhysRevLett.113.237001
http://dx.doi.org/10.1002/pssr.201409418
http://dx.doi.org/10.1002/pssr.201409418
http://dx.doi.org/10.1002/pssr.201409418
http://dx.doi.org/10.1002/pssr.201409418
http://arxiv.org/abs/arXiv:1408.3319
http://dx.doi.org/10.1209/0295-5075/85/17006
http://dx.doi.org/10.1209/0295-5075/85/17006
http://dx.doi.org/10.1209/0295-5075/85/17006
http://dx.doi.org/10.1209/0295-5075/85/17006
http://dx.doi.org/10.1143/JPSJS.76SA.60
http://dx.doi.org/10.1143/JPSJS.76SA.60
http://dx.doi.org/10.1143/JPSJS.76SA.60
http://dx.doi.org/10.1143/JPSJS.76SA.60
http://dx.doi.org/10.1016/S0304-8853(03)00672-3
http://dx.doi.org/10.1016/S0304-8853(03)00672-3
http://dx.doi.org/10.1016/S0304-8853(03)00672-3
http://dx.doi.org/10.1016/S0304-8853(03)00672-3
http://dx.doi.org/10.1080/14786435.2011.621903
http://dx.doi.org/10.1080/14786435.2011.621903
http://dx.doi.org/10.1080/14786435.2011.621903
http://dx.doi.org/10.1080/14786435.2011.621903
http://dx.doi.org/10.1103/PhysRevB.89.024504
http://dx.doi.org/10.1103/PhysRevB.89.024504
http://dx.doi.org/10.1103/PhysRevB.89.024504
http://dx.doi.org/10.1103/PhysRevB.89.024504
http://dx.doi.org/10.1103/PhysRevB.89.024505
http://dx.doi.org/10.1103/PhysRevB.89.024505
http://dx.doi.org/10.1103/PhysRevB.89.024505
http://dx.doi.org/10.1103/PhysRevB.89.024505
http://dx.doi.org/10.1103/PhysRevB.86.064437
http://dx.doi.org/10.1103/PhysRevB.86.064437
http://dx.doi.org/10.1103/PhysRevB.86.064437
http://dx.doi.org/10.1103/PhysRevB.86.064437
http://dx.doi.org/10.1103/PhysRevB.48.7183
http://dx.doi.org/10.1103/PhysRevB.48.7183
http://dx.doi.org/10.1103/PhysRevB.48.7183
http://dx.doi.org/10.1103/PhysRevB.48.7183
http://dx.doi.org/10.1088/0034-4885/44/4/001
http://dx.doi.org/10.1088/0034-4885/44/4/001
http://dx.doi.org/10.1088/0034-4885/44/4/001
http://dx.doi.org/10.1088/0034-4885/44/4/001
http://dx.doi.org/10.1103/PhysRevB.69.020402
http://dx.doi.org/10.1103/PhysRevB.69.020402
http://dx.doi.org/10.1103/PhysRevB.69.020402
http://dx.doi.org/10.1103/PhysRevB.69.020402
http://dx.doi.org/10.1103/PhysRevB.81.104518
http://dx.doi.org/10.1103/PhysRevB.81.104518
http://dx.doi.org/10.1103/PhysRevB.81.104518
http://dx.doi.org/10.1103/PhysRevB.81.104518


RAPID COMMUNICATIONS

SPECTROSCOPIC EVIDENCE FOR STRONG QUANTUM . . . PHYSICAL REVIEW B 91, 121102(R) (2015)

Chu, J. G. Analytis, I. R. Fisher, Z. A. Ren, J. Yang, W. Lu, Z.
X. Zhao, J. van den Brink, Z. Hussain, Z.-X. Shen, and T. P.
Devereaux, Phys. Rev. B 80, 014508 (2009).

[31] E. Z. Kurmaev, J. A. McLeod, A. Buling, N. A. Skorikov, A.
Moewes, M. Neumann, M. A. Korotin, Yu. A. Izyumov, N. Ni,
and P. C. Canfield, Phys. Rev. B 80, 054508 (2009).

[32] M. Oku, T. Shishido, H. Matsuta, and K. Wagatsuma, J.
Electron Spectrosc. Relat. Phenom. 153, 75 (2006); M. Oku,
N. Masahashi, S. Hanada, and K. Wagatsuma, J. Alloys Compd.
413, 239 (2006).

[33] F. Sirotti, M. De Santis, and G. Rossi, Phys. Rev. B 48, 8299
(1993).

[34] F. R. McFeely, S. P. Kowalczyk, L. Ley, and D. A. Shirley, Solid
State Commun. 15, 1051 (1974).

[35] D. G. Van Campen and L. E. Klebanoff, Phys. Rev. B 49, 2040
(1994).

[36] In Fe-based magnetic systems hosting itinerant electrons, the
relation between the multiplet splitting �E3s vs (2S + 1) is
found to be �E3s = 0.94 + 1.01 × (2S + 1) (see Ref. [9]).

[37] A. G. Petukhov, I. I. Mazin, L. Chioncel, and A. I. Lichtenstein,
Phys. Rev. B 67, 153106 (2003).

[38] J. F. van Acker, Z. M. Stadnik, J. C. Fuggle, H. J. W. M. Hoekstra,
K. H. J. Buschow, and G. Stroink, Phys. Rev. B 37, 6827 (1988).

[39] P. J. Brown, J. Deportes, and B. Ouladdiaf, J. Phys.: Condens.
Matter 4, 10015 (1992).

[40] Y. Yamada and A. Sakata, J. Phys. Soc. Jpn. 57, 46 (1988).
[41] A. Subedi and D. J. Singh, Phys. Rev. B 81, 024422 (2010).
[42] D. J. Singh and M. H. Du, Phys. Rev. Lett. 100, 237003 (2008).
[43] S. V. Halilov, D. J. Singh, J. Minar, A. Y. Perlov, and H. Ebert,

Phys. Rev. B 71, 100503 (2005).
[44] K. Iida, M. Kofu, N. Katayama, J. Lee, R. Kajimoto, Y. Inamura,

M. Nakamura, M. Arai, Y. Yoshida, M. Fujita, K. Yamada, and
S. H. Lee, Phys. Rev. B 84, 060402 (2011).

[45] J. E. Ortmann, J. Y. Liu, J. Hu, M. Zhu, J. Peng, M. Matsuda, X.
Ke, and Z. Q. Mao, Sci. Rep. 3, 2950 (2013).

[46] I. I. Mazin and D. J. Singh, Phys. Rev. Lett. 82, 4324
(1999).

[47] J. Dai, Q. Si, J.-X. Zhu, and E. Abrahams, Proc. Natl. Acad. Sci.
USA 106, 4118 (2009).

[48] I. I. Mazin and M. D. Johannes, Nat. Phys. 5, 141 (2009).
[49] P. Hansmann, R. Arita, A. Toschi, S. Sakai, G. Sangiovanni, and

K. Held, Phys. Rev. Lett. 104, 197002 (2010).

121102-5

http://dx.doi.org/10.1103/PhysRevB.80.014508
http://dx.doi.org/10.1103/PhysRevB.80.014508
http://dx.doi.org/10.1103/PhysRevB.80.014508
http://dx.doi.org/10.1103/PhysRevB.80.014508
http://dx.doi.org/10.1103/PhysRevB.80.054508
http://dx.doi.org/10.1103/PhysRevB.80.054508
http://dx.doi.org/10.1103/PhysRevB.80.054508
http://dx.doi.org/10.1103/PhysRevB.80.054508
http://dx.doi.org/10.1016/j.elspec.2006.06.006
http://dx.doi.org/10.1016/j.elspec.2006.06.006
http://dx.doi.org/10.1016/j.elspec.2006.06.006
http://dx.doi.org/10.1016/j.elspec.2006.06.006
http://dx.doi.org/10.1016/j.jallcom.2005.05.043
http://dx.doi.org/10.1016/j.jallcom.2005.05.043
http://dx.doi.org/10.1016/j.jallcom.2005.05.043
http://dx.doi.org/10.1016/j.jallcom.2005.05.043
http://dx.doi.org/10.1103/PhysRevB.48.8299
http://dx.doi.org/10.1103/PhysRevB.48.8299
http://dx.doi.org/10.1103/PhysRevB.48.8299
http://dx.doi.org/10.1103/PhysRevB.48.8299
http://dx.doi.org/10.1016/0038-1098(74)90529-8
http://dx.doi.org/10.1016/0038-1098(74)90529-8
http://dx.doi.org/10.1016/0038-1098(74)90529-8
http://dx.doi.org/10.1016/0038-1098(74)90529-8
http://dx.doi.org/10.1103/PhysRevB.49.2040
http://dx.doi.org/10.1103/PhysRevB.49.2040
http://dx.doi.org/10.1103/PhysRevB.49.2040
http://dx.doi.org/10.1103/PhysRevB.49.2040
http://dx.doi.org/10.1103/PhysRevB.67.153106
http://dx.doi.org/10.1103/PhysRevB.67.153106
http://dx.doi.org/10.1103/PhysRevB.67.153106
http://dx.doi.org/10.1103/PhysRevB.67.153106
http://dx.doi.org/10.1103/PhysRevB.37.6827
http://dx.doi.org/10.1103/PhysRevB.37.6827
http://dx.doi.org/10.1103/PhysRevB.37.6827
http://dx.doi.org/10.1103/PhysRevB.37.6827
http://dx.doi.org/10.1088/0953-8984/4/49/028
http://dx.doi.org/10.1088/0953-8984/4/49/028
http://dx.doi.org/10.1088/0953-8984/4/49/028
http://dx.doi.org/10.1088/0953-8984/4/49/028
http://dx.doi.org/10.1143/JPSJ.57.46
http://dx.doi.org/10.1143/JPSJ.57.46
http://dx.doi.org/10.1143/JPSJ.57.46
http://dx.doi.org/10.1143/JPSJ.57.46
http://dx.doi.org/10.1103/PhysRevB.81.024422
http://dx.doi.org/10.1103/PhysRevB.81.024422
http://dx.doi.org/10.1103/PhysRevB.81.024422
http://dx.doi.org/10.1103/PhysRevB.81.024422
http://dx.doi.org/10.1103/PhysRevLett.100.237003
http://dx.doi.org/10.1103/PhysRevLett.100.237003
http://dx.doi.org/10.1103/PhysRevLett.100.237003
http://dx.doi.org/10.1103/PhysRevLett.100.237003
http://dx.doi.org/10.1103/PhysRevB.71.100503
http://dx.doi.org/10.1103/PhysRevB.71.100503
http://dx.doi.org/10.1103/PhysRevB.71.100503
http://dx.doi.org/10.1103/PhysRevB.71.100503
http://dx.doi.org/10.1103/PhysRevB.84.060402
http://dx.doi.org/10.1103/PhysRevB.84.060402
http://dx.doi.org/10.1103/PhysRevB.84.060402
http://dx.doi.org/10.1103/PhysRevB.84.060402
http://dx.doi.org/10.1038/srep02950
http://dx.doi.org/10.1038/srep02950
http://dx.doi.org/10.1038/srep02950
http://dx.doi.org/10.1038/srep02950
http://dx.doi.org/10.1103/PhysRevLett.82.4324
http://dx.doi.org/10.1103/PhysRevLett.82.4324
http://dx.doi.org/10.1103/PhysRevLett.82.4324
http://dx.doi.org/10.1103/PhysRevLett.82.4324
http://dx.doi.org/10.1073/pnas.0900886106
http://dx.doi.org/10.1073/pnas.0900886106
http://dx.doi.org/10.1073/pnas.0900886106
http://dx.doi.org/10.1073/pnas.0900886106
http://dx.doi.org/10.1038/nphys1160
http://dx.doi.org/10.1038/nphys1160
http://dx.doi.org/10.1038/nphys1160
http://dx.doi.org/10.1038/nphys1160
http://dx.doi.org/10.1103/PhysRevLett.104.197002
http://dx.doi.org/10.1103/PhysRevLett.104.197002
http://dx.doi.org/10.1103/PhysRevLett.104.197002
http://dx.doi.org/10.1103/PhysRevLett.104.197002



