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Although Fe-based superconductors are correlated electronic systems with multiorbital, previous nuclear
magnetic resonance (NMR) measurement suggests that a single spin-fluid model is sufficient to describe its
spin behavior. Here, we first observed the breakdown of single spin-fluid model in a heavily hole-doped Fe-based
superconductor CsFe,As; by site-selective NMR measurement. At high-temperature regime, both Knight shift
and nuclear spin-lattice relaxation at 1**Cs and ">As nuclei exhibit distinct temperature-dependent behavior,
suggesting the breakdown of the single spin-fluid model in CsFe,As,. This is ascribed to the coexistence of
both localized and itinerant spin degree of freedom at 3d orbitals, which is consistent with the orbital-selective
Mott phase. With decreasing temperature, the single spin-fluid behavior is recovered below 7* ~ 75 K due to
a coherent state among 3d orbitals. The Kondo liquid scenario is proposed to understand the low-temperature

coherent state.
DOI: 10.1103/PhysRevB.97.045118

I. INTRODUCTION

In high-7, cuprate superconductors, the single spin-fluid
model has been widely adopted as a theoretical starting point
although at least one 3d and two 2 p orbitals from copper and
oxygen sites should be considered together in the theoretical
model in principle [1]. Such hypothesis is mostly based on
the celebrated concept of the Zhang-Rice singlet [2], which
successfully converts the complex reality into a single-band ¢-J
model. Such a single spin-fluid model has been validated by
early site-selective nuclear magnetic resonance (NMR) mea-
surement on Y, *Cu, and 7O nuclei in YBa,Cu3O¢_, [3,4].

In Fe-based superconductors, the multiorbital nature is a key
factor to understand its basic properties [5]. Considering the
correlation effect due to Hund’s coupling, the single spin-fluid
model should be insufficient in this case [6,7]. However, pre-
vious site-selective NMR measurement on F-doped LaOFeAs
found that Knight shift and nuclear spin-lattice relaxation on
different nuclei are nearly identical [8], including B As, Fe,
19F, and '*°La nuclei. This result supports a single spin-fluid
scenario in the frame of weak coupling theory based on the
itinerant nature of Fe 3d electrons [9,10]. Similar behavior
was also observed in many other Fe-based superconductors
[11-13]. On the other hand, the strong coupling theory based
on the local nature of Fe 3d electrons has also been proposed
for Fe-based superconductors [14], in which the coexistence of
itinerant and localized electrons at different 3d orbitals would
appear in a so-called orbital-selective Mott phase [15-17].
Recently, the orbital-selective Mott phase has been widely
observed in FeSe-derived superconductors by angle-resolved
photoemission spectroscopy (ARPES) [18,19]. However,
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the site-selective NMR experiment has not yet observed
breakdown of the single spin-fluid model in these FeSe-derived
superconductors [11].

Very recently, a similar orbital-selective Mott phase has
been suggested in the heavily hole-doped Fe-based supercon-
ductors AFe;As; (A =K, Rb, Cs) [20,21]. A so-called Knight
shift anomaly phenomenon has been observed by the previous
As NMR in AFe;As, (A = K, Rb, Cs) [22], which hints
at a possible coexistence of local and itinerant 3d electrons.
However, how to distinguish the origin of the local moment
among five 3d orbitals needs a orbital-selective probe, which
is also a direct checkout for the single spin-fluid model. Here,
we first achieve a orbital-selective measurement of CsFe,As,
single crystal by a site-selective NMR measurement on '*3Cs
and 7 As nuclei. Our results strongly support the breakdown of
the single-fluid model, and reveal the key role of 3d,, orbital
on the origin of the local moment.

For a multiorbital system, the spin part of Knight shift due
to different 3d orbitals can be simply written as the following
expression:

K(T) =Y Agxo(T)(0 = xz,yz,xy,2%,x" +y7). (1)
A, is the hyperfine coupling tensor from different 3d orbitals.
Xo(T) is the orbital-dependent local spin susceptibility. In
the paramagnetic state, the Knight shift of both 133Cs and
5 As nuclei is dominated by transferred hyperfine interaction
through the overlap with the 4s/6s orbital (see Supplemental
Material [23] for details and Ref. [12]) as shown in Fig. 1(a).
Considering the difference on spatial distribution along the
c axis among the five 3d orbitals at Fe sites, the hyperfine
coupling tensors for 3d,, and 3d,»,,> orbitals are almost
negligible for '33Cs nuclei due to the less overlap with 6s
orbital. Therefore, the Knight shift of '33Cs nuclei is only
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FIG. 1. (a) Illustration of the microscopic process of the dominated contribution on Knight shift due to transferred hyperfine interaction at
5 As and ' Cs sites. The crystalline structure of CsFe, As, is shown in the side view along Fe-Fe direction. The hyperfine interaction contributed
to Knight shift of > As and **Cs are dominated by the transferred hyperfine interaction through the hybridization of on-site 4s or 6s orbital
with 3d orbitals at the nearest-neighbor Fe atoms. We performed NMR measurements on both 7> As and **Cs nuclei. The full spectrum at 2 K

are shown in (b) for '**Cs nuclei and (c) for 7 As nuclei.

sensitive to local spin susceptibility due to 3d.., 3d,,, and 3d,>
orbitals. In contrast, all five 3d orbitals contribute to the Knight
shift of > As nuclei. By comparing the temperature-dependent
Knight shift of both '*Cs and 7 As nuclei, we can qualitatively
extract useful information on orbital-dependent spin suscep-
tibility, suggesting an orbital-selective NMR probe. Based
on the above analysis, the site-selective NMR by measuring
both 7As and '33Cs nuclei has the ability to examine the
single spin-fluid model. The following results unambiguously
confirm the breakdown of the single spin-fluid model in heavily
hole-doped Fe-based superconductor CsFe,As;.

II. EXPERIMENTAL METHOD

High-quality CsFe,As, single crystals are grown by the
self-flux technique [24]. All NMR measurement on 5 As and
133Cs nuclei are conducted from 2-300 K under an external
magnetic field of 16 Tesla parallel to the ¢ axis. The nuclear
spin number Iqe for As and '33Cs nuclei are 3/2 and
7/2, respectively. The standard full spectrum of ">As and
133Cs nuclei are shown in Figs. 1(b) and 1(c). There are three
transition lines for 7 As nuclei and seven transition lines for
133Cg nuclei. For '33Cs nuclei, all transition lines have a similar
linewidth of ~20 kHz at 2 K, suggesting a magnetic dominated
broadening effect. For 75 As nuclei, the linewidth for satellites
and central line at 2 K are quite different with the values
of ~300 kHz and ~30 kHz, respectively. This is due to a
quadrupole dominated broadening effect on satellites. Similar
behavior has been seen in a previous study [25]. By measuring
the separation between each transition lines, the quadrupole

frequency vy for °As and '**Cs nuclei are determined to
be ~13.6 MHz and ~0.058 MHz, respectively. Both Knight
shifts for 7 As and '33Cs nuclei are determined by measuring
the peak position on central transition line. Nuclear spin-lattice
relaxations rates 1/7; are measured on the central transition
line for both "> As and '*3Cs nuclei.

III. EXPERIMENTAL RESULTS

The main results in this work are shown in Fig. 2. As
shown in Fig. 2(a), the temperature-dependent Knight shift of
5 As (PK) nuclei exhibits a characteristic crossover behavior.
At high-temperature regime, "°K is gradually increasing with
decreasing temperature. This is consistent with the high-
temperature bulk magnetic susceptibility, suggesting a local-
ized spin behavior [22]. With further decreasing temperature,
5K shows a maximum and then starts to decrease with
lowering temperature. Below 20 K, K becomes saturated and
shows a temperature-independent behavior. The temperature-
dependent behavior is ascribed to an incoherent-to-coherent
electronic crossover, which is also observed in KFe,As, and
RbFe, As; with different crossover temperatures [22]. In sharp
contrast, the remarkable crossover behavior in temperature-
dependent Knight shift of 7> As nuclei is completely absent in
that of '33Cs nuclei. As shown in Fig. 2(a), the localized spin
behavior is absent in the temperature-dependent Knight shift of
133Cs (133K) nuclei, which shows a monotonous decrease down
to 2 K. As we discussed before, in contrast to °K, the 133K is
only sensitive to 3d,., 3d,., and 3d_> orbitals. If the local spin
behavior in the temperature-dependent 7K only comes from
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FIG. 2. (a) Temperature-dependent Knight shift for both > As and
133Cs nuclei. The blue triangles represent the Knight shift of '*Cs
nuclei. The red squares represents the Knight shift of "> As. The red
dash line is a guiding line for temperature-dependent K at high tem-
perature, indicating a decreasing of >K with increasing temperature,
which is also confirmed by bulk susceptibility measurement [22].
Both Knight shifts below 7* follow a same temperature-dependent
behavior, which is also confirmed by the **K-">K plot in the inset.
(b) Temperature-dependent nuclei spin-lattice relaxation for both 7> As
and '3Cs nuclei. The blue triangles represent the nuclei spin-lattice
relaxation of '**Cs nuclei. The red squares represents the nuclei
spin-lattice relaxation of ">As. Both nuclei spin-lattice relaxation
below T follow a same power-law behavior, which is also confirmed

by the ﬁ-ﬁ plot in the inset. The fitting formula of spin-lattice

t o\ 6t \r
relaxation decay is 1(t) = Iy + I (O.Ie_(TT) +0.9¢ 7 ) for P As

nuclei and I(t) = Iy + Lie % for 33Cs nuclei.

the contribution due to 3d,, or 3d,2, > orbitals, the absence of
the local spin behavior in temperature-dependent '3*K is obvi-
ous. Therefore, the local spin behavior and the incoherent-to-
coherent crossover in temperature-dependent "°K are ascribed
to the 3d,, or 3d,2,,> orbitals. Based on previous theoretical
calculation [20,26], the 3d,2,> orbital has much less mass
renormalization effect than other 3d orbitals. Therefore, the
high-temperature localized spin behavior is further constrained
to 3d,, orbital, which is consistent with the fact that the 3d,,
orbital has the maximum mass renormalization effect among
all 3d orbitals [20,26]. In one word, we conclude that the
temperature dependence of '3*K is dominated by itinerant 3d,.,
3d,., and 3d> orbitals, while the temperature dependence of
5K at high temperature is dominated by the localized 3d,y

orbital, which is responsible for the incoherent-to-coherent
crossover and local spin behavior. It should be emphasized that
although the temperature dependence of high-temperature K
is dominated by the localized 3d,, orbital, the contribution
from itinerant 3d,;, 3d,., and 3d,» orbitals is not negligible.
Therefore, without the knowledge of the orbital-dependent
hyperfine coupling tensor A,, it is very difficult to completely
decouple the total Knight shift into separated contribution from
each orbital by the present site-selective NMR measurement.
However, this would not affect the qualitative conclusion in
this work. The results definitely confirm the breakdown of
single spin-fluid model in CsFe;As;. On the other hand, by
scaling both temperature-dependent °K and '*3K, we found an
identical temperature-dependent behavior below 7* ~ 75 K.
As shown in the inset of Fig. 2(a), single spin-fluid behavior is
valid below T*. These results indicate that, although the single
spin-fluid model is broken above 7* due to the coexistence of
localized and itinerant 3d electrons, a coherent state involving
both localized and itinerant 3d electrons appears below 7%, so
that it follows the single spin-fluid model. Similar incoherent-
to-coherent crossover behavior was observed in FeSe-derived
superconductors by ARPES, in which the high-temperature
incoherent state is ascribed to the so-called orbital-selective
Mott phase [18,19]. In the present case, the incoherent state
above T* perhaps stems from the same orbital-selective Mott
phase. Previous ARPES and STM experiments have observed
a coherent peak due to below 20 K in KFe,As, [27], which
is due to 3d,, orbital close to Fermi level. Further ARPES
experiment in whole temperature range is needed to verify
the exact nature of the high-temperature incoherent state in
CsFe,As,.

In Fig. 2(b), we further measured the temperature-
dependent 1/T; of both As and '**Cs nuclei. In general,
the spin-lattice relaxation rate (1/77) in NMR experiment is
related to the dynamical magnetic susceptibility Imx (¢,w,)
with 7 =2yT Y, Ai(q)% [28], where A, (q) is
the hyperfine coupling tensor perpendicular to external field
direction at P As or '33Cs sites and w, = y,H is the NMR
frequency. Based on symmetry analysis, in contrast to Knight
shift, the off-diagonal terms in the hyperfine coupling tensor
plays a key role on 1/7} when Imy, (q,w,) mainly comes
from spin fluctuation at finite g value (see Supplemental
Material [23] for details). In fact, previous neutron scattering
experiments have shown a significant incommensurate spin
fluctuation at [7r(1 & 6),0] with § = 0.16 in KFe,As, [29].
Therefore, the off-diagonal terms in hyperfine coupling tensor
are dominated for 1/7; in CsFe,As;. Such off-diagonal term
is also from the transferred hyperfine interaction (probably
through overlapping between 3d and 4p/6p orbitals) [30].
Similar orbital selectivity as shown in Knight shift should
be also expected for 1/7;. In fact, the temperature-dependent
1/T, does show a distinct temperature-dependent behavior for
both P As and '33Cs nuclei above T*. For '33Cs nuclei, the
temperature-dependent 1/7; follows an approximate power-
law behavior with 1/7, ~ T'3¢_ which looks like a strange
metallic behavior. For 73 As nuclei, the temperature-dependent
1/T, is almost temperature independent, which supports a
localized moment behavior consistent with the Knight shift
result [22]. This result further confirms the breakdown of
the single spin-fluid model above 7*. Below 7™, an identical
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temperature-dependent behavior for both 7> As and '*3Cs nuclei
with 1/T; ~ T°75 shows up as shown in the inset of Fig. 2(b).
These results are consistent with the formation of coherent
state below 7*. A deviation from 7°73 power-law behavior is
observed below 5 K. This is due to the appearance of a field-
induced two-component behavior in spin-lattice relaxation
decay, which might be related to other novel effects [22,25].
However, above 5 K, the low-temperature 7975 power-law
behavior is ascribed to a characteristic property of the low-
temperature coherent state. Next, we would like to discuss the
origin for the huge difference in the value of 1/7; for 7 As
and '3Cs. Since such difference in 1/ T} can not be scaled by
corresponding Knight shift (see Supplemental Material [23]
for details), how to understand the difference in the value
of 1/T; is not straightforward. As similar to the situation in
Knight shift, only 3d,, 3d,., and 3d,> orbitals contribute to
the 1/ T for '33Cs while the five 3d orbitals contribute to 1/ T}
for 13*Cs nuclei. Therefore, in order to understand the huge
difference in 1/ T, the contribution due to 3d,, orbital in the
value of 1/7; must be much larger than others and the total
1/ T; for 7 As nuclei is then approximated to 1/ 7} due to 3d,y
orbital. If we assume a comparable hyperfine coupling tensor
for all 3d orbitals at 7> As sites, the above result suggests that
the imaginary part of dynamic spin susceptibility Im x  (¢,w,)
should be dominated by the 3d,, orbital. However, an orbital-
dependent hyperfine coupling tensor, which is only strongly
coupled to the 3d,, orbital, could also explain our results.
This needs further theoretical investigation on the details of
hyperfine coupling tensor at 7> As site.

IV. DISCUSSION

Based on the above results on Knight shift and nuclear
spin-lattice relaxation, we found that the high-temperature
incoherent state above 7* conforms to the so-called orbital-
selective Mott phase [15-17], in which the 3d,, orbital is
probably localized and other 3d orbitals remain itinerant.
As shown in Fig. 3(a), the orbital-selective Mott phase has
been proposed in the phase diagram based on strong coupling
theory [14,16]. The theoretical study suggests that the orbital-
selective Mott localization happens at the 3d,, orbital in
AFe,;As; (A = K, Rb, Cs) [20,26], which is confirmed by our
present site-selective NMR results. In detail, the contrasting
temperature dependence of '3K and K suggests that the
orbital-selective Mott localization or at least the strongest
correlation effect happens at the 3d,, orbital, which leads to a
localized spin behavior above T*. Further ARPES experiments
are needed to verify the exact nature of 3d,, orbital above T*.

Below T*, a coherent state between localized and itinerant
3d orbitals is developed, which is also confirmed by ARPES
and STM results on KFe,As, [27]. We now address the
question of how to understand the underlying mechanism of
such incoherent-to-coherent crossover. In fact, the incoherent-
to-coherent crossover has already been proposed in early dy-
namical mean-field theory (DMFT) by Haule and Kotliar [31],
in which each 3d orbital has a different crossover temperature,
but the lowest one determines the crossover temperature for
the whole system [32]. Recently, this scenario has been further
developed by using numerical renormalization group as a
viable multiband impurity solver for DMFT, suggesting that
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FIG. 3. (a) Schematic phase diagram of Fe-based superconduc-
tors tuned by on-site Coulomb repulsion U and Hund’s coupling
Ju [16,17]. When both of U and Jy are small, the system is a normal
metal. When Jy is moderate but U is enough large, the system will
enter into Mott insulating phase. When J become enough large, an
orbital-selective Mott phase will replace the Mott insulating phase
in the phase diagram. (b) Illustration of microscopic picture for the
incoherent-to-coherent crossover. At high temperature, the system
behaves as an orbital-selective Mott phase with both localized and
itinerant 3d electrons. Below 7', the system enters into a Kondo liquid
state, in which all 3d electrons become coherent through Kondo-type
coupling.

strong Kondo-type screening correlation exists during the
incoherent-to-coherent crossover [33]. On the other hand, our
previous NMR study also observed a Knight shift anomaly and
relevant scaling behavior in AFe;As; (A = K, Rb, Cs), which
are ascribed to emergent Kondo lattice behavior of 3d electron
system [22]. Based on all these facts, as shown in Fig. 3(b),
we proposed that the emergent coherent state below T* might
be treated as a Kondo liquid state similar to that in a heavy
fermion system with f electron [34,35].

In the f-electron heavy fermion system, the Kondo liquid
state is an emergent state due to collective Kondo coupling
between localized and itinerant electrons. In the Kondo liquid
state, the localized spin degree of freedom is screened out by
itinerant electrons, which leads to the deconfinement of local-
ized moments. In the present case, a similar deconfinement
of localized 3d electrons happens due to certain Kondo-type
coupling between localized and itinerant 3d electrons, such
as off-site Kondo coupling [36]. Therefore, the Kondo-type
coupling between localized and itinerant spin degree of free-
dom for 3d electrons should be an important ingredient in an
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effective theoretical model for Fe-based superconductors [7].
This definitely stimulates further theoretical investigation in
AFe;As; (A =K, Rb, Cs) system and brings new understand-
ing on the mechanism of superconducting pairing in Fe-based
superconductors.

Finally, we would like to address that the strong coupling
feature observed in AFe,As; (A = K, Rb, Cs) is probably
due to the Mott insulating phase at 3d> configuration [14,21].
Based on DMFT calculation, the realization of Mott
insulating phase would be much easier at half filling than
other integer fillings [17]. For example, the critical mutual
Coulomb repulsion (U,) for Mott transition has a minimum
at half filling. For 3d electron system, the half filling is the
3d° configuration. In Fe-based superconductors, the parent
compound with 3d% configuration is indeed a bad metal but
not a Mott insulator. However, a real Mott insulating phase at
3d° configuration is anticipated and this has been proposed in
previous theory [21]. In this case, when we doped considerable
holes in the parent compound with 3d® configuration, the

system is actually approaching to Mott insulating phase at 3d°
configuration. Therefore, the emergence of orbital-selective
Mott phase between 3d° configuration and 3d® configura-
tion is not surprising in strong coupling scenario. Further
experimental and theoretical surveys are needed to figure out
the exact nature of strongly correlated physics in this regime.
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