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The iron-based superconductors AFe2As2 with A = K, Rb, Cs exhibit large Sommerfeld coeffi-
cients approaching those of heavy-fermion systems. We have investigated the magnetostriction and
thermal expansion of this series to shed light on this unusual behavior. Quantum oscillations of
the magnetostriction allow identifying the band-specific quasiparticle masses which by far exceed
the band-structure derived masses. The divergence of the Grüneisen ratio derived from thermal
expansion indicates that with increasing volume along the series a quantum critical point is ap-
proached. The critical fluctuations responsible for the enhancement of the quasiparticle masses
appear to weaken the superconducting state.

PACS numbers: 74.70.Xa,71.18.+y,74.40.Kb,71.27.+a

Unconventional superconductivity (SC) often emerges
in proximity of continuous, zero-temperature phase tran-
sitions, so-called quantum critical points (QCPs). In par-
ticular, the onset of magnetic order is generally believed
to drive SC by magnetic quantum criticality. Examples
encompass the cuprates, organic metals, heavy-fermion
systems, and the recently discovered iron-based super-
conductors. A particularly illustrative example is given
by BaFe2(As1−xPx)2. Here, the application of chemi-
cal pressure, by replacing As with isovalent, smaller P
ions, suppresses antiferromagnetic (AF) order resulting
in an extended superconducting dome with a maximum
transition temperature Tc ≈ 30 K at the critical concen-
tration xc = 0.3 [1]. The QCP at xc shielded by SC
was anticipated theoretically [2] and observed through
strongly enhanced quasiparticle masses and deviations
from Fermi-liquid (FL) behavior. In this Letter we show
that the isostructural superconductor KFe2As2 can like-
wise be pushed towards a QCP by substituting isovalent,
but larger Rb and Cs for K. In these compounds, in con-
trast to the examples listed above and despite general
consensus, quantum criticality fails to boost SC.

The alkali metal series AFe2As2 (A122) with A = K,
Rb, and Cs, represent one of the rare examples of stoi-
chiometric iron-arsenide superconductors. According to
LDA calculations their low Tc values of less than 3.5 K
cannot be explained by electron-phonon coupling [3].
Angle-resolved photoemission spectroscopy and thermal-
conductivity measurements suggest an unconventional
pairing mechanism [4–7]. Recent specific-heat measure-
ments reveal huge Sommerfeld coefficients γ which exceed
those of BaFe2(As1−xPx)2 in apparent contradiction to
the low Tc values [7–9]. In order to elucidate the highly
correlated normal state and its relationship to SC, we

FIG. 1. (Color online) Normalized Fourier spectra of the os-
cillatory part of the magnetostriction coefficient λosci (insets)
along the i = a (blue) and c axis (red line) of A122, A = K,
Rb, and Cs, at T = 50 mK for B ‖ c and a.

investigated the quantum oscillations observable in the
magnetostriction of the A122 series.

Single-crystalline samples were grown from an arsenic-
rich flux, yielding Tc values of 3.40(5) K, 2.53(3) K, and
2.27(4) K for A = K, Rb, and Cs, respectively [41]. The
low impurity concentration of the crystals allows observ-
ing quantum oscillations of the sample length as a func-
tion of the applied magnetic field B ranging between the
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upper critical field Bc2 and the maximum field of 14 T
(insets of Fig. 1). The mean free paths determined from
the field dependence of these oscillations confirm that the
decreasing Tc values in the A122 series do not arise from
varying sample quality [41]. To extract the fundamental
frequencies we performed a Fourier transformation of the
oscillatory part of the measured magnetostriction coeffi-
cient λi ≡ L−1

i ∂Li/∂B, where Li is the sample length
along the tetragonal i = a and c directions.

The spectra of the three A122 compounds taken at
T = 50 mK for B ‖ a and c, are plotted as amplitude
against frequency F in Fig. 1. The data of K122 are taken
from Refs. 10–12. The difference between the λa and λc
spectra reflects the anisotropic uniaxial pressure depen-
dences of the Fermi-surface (FS) cross-sections [13]. The
observed sharp peaks mark the fundamental and higher
harmonic cyclotron frequencies corresponding to the ex-
tremal orbits of the FS, which have been assigned to spe-
cific bands by comparing the spectra of Rb122 and Cs122
to those of K122 and to our LDA calculations. For A =
Rb and Cs, all FS sheets apart from the β band could be
identified. As the isovalent substitution of A keeps the
total hole count constant we can estimate the contribu-
tion of the β sheet by subtracting the cross-sections of all
other bands from the FS volume of K122. In Fig. 2(a)
the obtained extremal cross-sectional areas, expressed as
fractions of the volume of the first Brillouin zone, are
plotted against radius of the alkali-metal ion RA.

In line with our LDA calculations, the data show no
change of the FS topology with increasing RA. The two-
dimensionality of the FeAs-layered structure is reflected
by three tubes in the Brillouin-zone center [α, ζ, and β,
see inset of Fig. 2(b)] and one tube at each corner (ε).
Marginal three-dimensional features were inferred from
closely spaced peaks in the Fourier spectra, indicating a
gentle warping of the FS tubes, and from a single funda-
mental frequency for B ‖ a, attributed to a tiny pocket
at the top center. So far, this pocket has only been seen
in magnetostriction measurements [12].

The decay of the oscillations with increasing T [41]
is used to determine the effective quasiparticle masses
m∗
j of each FS sheet j. Since in quasi-two-dimensional

systems the Sommerfeld coefficient is given by γ ≈
(πk2BNAa

2/3~2)
∑
jm

∗
j (NA: Avogadro’s number), the

mass of the β tube can be determined by subtracting
the contributions of all other bands from the published γ
values. For the warped FS tubes we simply used the av-
erage value of the effective masses assuming a sinusoidal
warping. The obtained large m∗

β values alone cannot ac-
count for the absence of β-band oscillations in our mea-
surements. The β-band FS cross-section does, however,
hardly depend on RA, suggesting small uniaxial pres-

sure effects and, therefore, further reduced λ
osc(β)
i ampli-

tudes. Fig. 2(b) summarizes the resulting quasiparticle
masses as a function of RA. Not only m∗

β , but all effective
masses exhibit significant increases with RA, with a fac-

FIG. 2. (Color online) (a) Extremal cross-sectional areas of
the Fermi surfaces of (K,Rb,Cs)122, expressed as fractions of
the first Brillouin-zone volumes. (b) Effective quasiparticle
masses m∗, plotted against the ionic radius of the alkaline
atom RA [10–12]. The values presented by open symbols were
obtained by assuming a constant total hole count and using
the Sommerfeld coefficients [7–9]. Lines are guides to the eye.

tor of m∗
j (Cs)/m∗

j (K) ≈ 2 which interestingly is similar
to that of γ(Cs)/γ(K). LDA calculations, on the other
hand, predict band masses an order of magnitude smaller,
with a comparatively slight increase towards Cs122. This
difference reinforces the assumption that the huge low-
temperature specific heat arises from strong electronic
correlations (see below).

The negative chemical pressure exerted upon replac-
ing K by the larger Rb or Cs ions mainly expands the c
axis by pushing the FeAs layers further apart from each
other. To elucidate the difference between chemical and
external, hydrostatic pressure, we performed thermal-
expansion measurements. In a FL, the uniaxial pressure
dependence of the Sommerfeld coefficient is related to
the linear thermal-expansion coefficient αi by ∂γ/∂pi =
−(V/T )αi, where V is the molar volume and pi uniax-
ial pressure in i = a, c direction. The hydrostatic pres-
sure dependence is given by ∂γ/∂p = 2∂γ/∂pa+∂γ/∂pc.
Between Tc and 4 K, all three compounds show FL be-
havior, i.e., constant αi/T values, similarly to the pub-
lished C/T data. With increasing RA and, consequently,
growing unit-cell volume, the pressure dependence de-
creases from ∂γ/∂p = −20.3 mJ/molK2GPa (K)[16]
to −36.6 mJ/molK2GPa (Rb) and −77.7 mJ/molK2GPa
(Cs) suggesting a nonlinear V dependence of γ. In or-
der to compare with the chemical pressure effect, we
convert the hydrostatic pressure dependences from our
thermal expansion measurements to volume derivatives
∂γ/∂V = −V −1BT∂γ/∂p, and estimate γp(V ) by in-
tegrating over the obtained ∂γ(V )/∂V values. Here,
BT = −V ∂p/∂V is the bulk modulus. The integra-
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FIG. 3. (Color online) (a) Comparison between chemical
(black dots) and hydrostatic pressure dependences of the Som-
merfeld coefficient γ as a function of the unit-cell volume Vuc
and that of a single FeAs layer VFeAs. The hydrostatic pres-
sure dependences are extracted from the volume thermal ex-
pansion αV for V = Vuc (blue lines) and VFeAs (red lines). (b)
The calculated γ as a function of U in a multiorbital Hubbard
model for A122 (A = K, Rb, Cs) (see text). (c) Evolution of
the measured γ with increasing VFeAs. Grey [14] and open
dots [15] are estimated from high-pressure resistivity mea-
surements. The red line is a fit to the data points. (d) The
Grüneisen parameter Γ, calculated from γ, Aρ and αV . The
red line is determined with the fit shown in (d) under the as-
sumption of a Fermi liquid. (e) Strain dependences of γ and
(f) the superconducting transition temperature Tc. Lines are
guides to the eyes. The inset in (e) shows the Fe plane with
the 3dxy and 3dx2−y2 orbitals.

tion constant is provided by the published γ values of
K122. In a first step we take V to be the unit-cell vol-
ume Vuc using BT (Vuc) ≈ 40 GPa of K122 [17]. The
calculated γp(Vuc) curves are displayed in Fig. 3(a) to-
gether with the Sommerfeld coefficients γ(Vuc) at ambi-
ent pressure [7–9, 18]. Obviously, γp(Vuc) strongly over-
estimates the chemical pressure effect γ(Vuc). In this
simple estimate we have neglected that chemical and hy-

drostatic pressures affect the crystal structure in different
ways: while the latter leads to a reduction or increase of
all bond lengths, the alkali-metal substitution changes
c and FeAs-layer thickness hFeAs with opposite trends:
it increases c and decreases hFeAs [41]. Therefore, in a
second step, we perform the comparison on the basis of
the FeAs-cell volume VFeAs = a2hFeAs. The related bulk
modulus of BT (VFeAs) ≈ 145 GPa was inferred from the
high-pressure data of K122 [17]. The estimated γp(VFeAs)
curves are likewise shown in Fig. 3(a). Taking VFeAs as
the decisive p-dependent volume, hydrostatic and chem-
ical pressure dependences coincide with each other. This
agreement suggests that the enhanced correlations origi-
nate from a change of the direct Fe environment due to
a reduced hybridization of the Fe 3d states with nearest-
neighbor Fe or As orbitals.

The role of the FeAs-cell volume was pointed out
in recent publications [19–23], and provides the basis
to study the evolution of electronic correlations in a
wider phase space. We extended the pressure depen-
dence of γ to smaller VFeAs values by resorting to re-
sistivity measurements of K122 under hydrostatic pres-
sure [14, 15]. Since the FL state of K122 follows the
Kadowaki-Woods (KW) relation [24] we relate γ to the
scattering cross section Aρ of the low-temperature resis-
tivity ρ = ρ0 + AρT

2 by using a proportionality factor
of Aρ/γ

2 ≈ 2 · 10−6 µΩcm(Kmol/mJ)2 so that the am-
bient pressure measurements are reproduced [24]. The
extended γ(VFeAs) data displayed in Fig. 3(c) exhibit
the characteristic sudden increase of a system that is
tuned towards a QCP. The best fit to this mass di-
vergence is given by a logarithmic volume dependence,
γ ∝ ln(

∣∣VFeAs − V 0
FeAs

∣∣ /V 0
FeAs) with V 0

FeAs = 42.72 Å3, as
proposed for a two-dimensional FL close to a Mott tran-
sition and found for BaFe2(As1−xPx)2 [25].

QCPs are characterized by a vanishing characteristic
energy scale E∗, leading to a divergence of the Grüneisen
parameter Γ ≈ −d ln(E∗)/ ln(V ) for a pressure-induced
QCP. We calculated Γ = VFeAsBT (VFeAs)αV /γ from
our thermal expansion data αV = 2αa + αc. For
the high-pressure resistivity measurements we use Γ =
d ln(γ)/d ln(VFeAs) = (1/2)d ln(Aρ)/d ln(VFeAs) by virtue
of the KW relation. The volume dependence of Γ, shown
in Fig. 3(d), clearly exhibits a pronounced divergence.
This provides [26, 27] clear evidence that with increas-
ing RA a QCP is approached and Cs122 is in its close
proximity. Recent resistivity measurements of Cs122 do
report indications of non-FL behavior [6].

To specify the hybridized orbitals responsible for the
critical mass enhancement, we determine the uniaxial
pressure dependences ∂γ/∂pi for i = a, c from αi. Fur-
thermore, we approximate the elastic constants cij of
the A122 compounds by DFT calculations [41] to ob-
tain an estimate of the strain dependences dγ/dεi =∑
cijdγ/dpj . The dγ/dεi values show that with increas-

ing VFeAs, mainly a-axis changes account for the mass en-
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hancement [Fig. 3(e)]. In particular, the divergence can
only be observed in dγ/dεa. This allows identifying the
orbitals involved, as in the FeAs-cell volume, only the Fe
3dxy or 3dx2−y2 orbitals are confined to the ab plane [in-
set of Fig. 3(e)] and are, therefore, affected by a- or b-axis
changes. Since the band-specific masses shown in Fig. 2
reveal the heaviest masses for the β bands with domi-
nating dxy character, we conclude that the critical mass
enhancement can be attributed to the hybridization of
the in-plane dxy orbitals.

If as suggested in the traditional QCP scenario SC
is supported by critical fluctuations arising close to a
QCP, the strain dependence ∂Tc/∂εi should follow that
of ∂γ/∂εi. To check this scenario, we determine the uni-
axial pressure dependences of Tc by using the Ehrenfest
relations with the discontinuities of αi and C at Tc, and
convert them to ∂Tc/∂εi. Similarly to ∂γ/∂εc, changes of
the c axis hardly affect Tc [Fig. 3(f)]. Contrary to the ex-
pectation of the above scenario, however, ∂Tc/∂εa shows
a behavior opposite to that of ∂γ/∂εa, and decreases with
increasing VFeAs. This apparent dichotomy suggests that
the dxy states driving the mass enhancement tend to si-
multaneously weaken SC. Due to the minor FS variations
with RA, a change of the electronic structure and nesting
conditions can hardly account for the Tc reduction.

The specific role of the Fe 3d levels for the elec-
tronic correlations in Fe-based superconductors reflects
the Coulomb (Hubbard and Hund) interactions as well
as the small crystal-electric-field splittings [21, 22, 34–
37]. To better understand the observed mass enhance-
ment, we study [41] the electron correlation effects in a
multiorbital Hubbard model for A122 using a U(1) slave-
spin mean-field theory [38]. The details of the model and
the method can be found in the Supplementary Mate-
rial. The A122 system corresponds to a 3d-electron fill-
ing of N = 5.5 per Fe atom. For this filling, we identify
a strongly correlated regime for a range of realistic val-
ues for U and J (Fig. S4 of Ref. 41). In this regime, the
quasiparticle spectral weights in all five Fe 3d orbitals are
substantially reduced, and a strong orbital dependence
arises. As shown in Fig. S5, the quasiparticle spectral
weight of the dxy orbital is most strongly reduced, cor-
respondingly, its mass enhancement is the largest. We
further calculate the Sommerfeld coefficient γ. As shown
in Fig. 3(b), the calculated γ values have a magnitude
similar to the experimental values. However, for fixed
values of the interactions, γ does not show a strong in-
crease across the K through Rb to Cs series. We attribute
this missing contribution to an additional component of
γ arising from the proximity to quantum criticality.

The emerging picture is summarized in Fig. 4 which
depicts γ in the (N,VFeAs) plane. The γ values of the se-
ries BaxK1−xFe2As2 [29], where N = 6−x/2 varies from
N = 5.5 to 6, contrast with those of BaFe2(As1−xPx)2,
where N = 6 and VFeAs changes significantly [1, 31].
Both series exhibit a maximum γmax close to the on-

FIG. 4. (Color online) Evolution of γ as a function of
VFeAs and hole doping expressed as filling N of the Fe 3d
states. In addition to the high-pressure data of KFe2As2
[14, 15, 17, 28], measurements of Ba1−xKxFe2As2 [29, 30] and
BaFe2(As1−xPx)2 [1, 31–33] have been included. The γ values
of BaFe2(As1−xPx)2 were estimated following Ref. 31. The
base plane shows a tentative phase diagram of a five-orbital
Hubbard model with combined (U, J) interactions leading to
a Mott-insulating state at N = 5 [34].

set of AF order suggesting an underlying QCP. However,
the highest γ value is found for the A122 compounds
where Tc values are one order of magnitude smaller than
those of BaxK1−xFe2As2 and BaFe2(As1−xPx)2. Fig-
ure 4 strongly suggests that the QCP suggested by our
measurements would be most naturally associated with
an AF order related to the N = 5 Mott-insulating phase
[34].

The combined effect of Hund’s rule coupling and
Coulomb exchange interaction is considerably intensi-
fied by reducing the band width. This is exemplified by
BaFe2(As1−xPx)2 and A122. While in BaFe2(As1−xPx)2
the hybridization changes due to longer Fe-As bonds,
in the A122 series only the Fe-Fe distances are widened
[32, 41]. Remarkably, the largest γ values are found for
A122 with a divergent trend towards A = Cs. These
high values do not find any correspondence in the super-
conducting properties. In fact, it seems that here strong
correlations weaken SC which might occur on rather gen-
eral grounds [39, 40].

We speculate that the A122 series might be a candidate
for the special situation where a QCP exactly coincides
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with the onset of SC. This could provide a new insight
into the physics of iron pnictides close to the N = 5
limit which should be tested by investigating Cs122 films
under tensile biaxial strain.
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