RAPID COMMUNICATIONS

PHYSICAL REVIEW B 89, 121109(R) (2014)

Suppression of electron correlations in the collapsed tetragonal phase of CaFe,As, under ambient
pressure demonstrated by °As NMR/NQR measurements
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The static and the dynamic spin correlations in the low-temperature collapsed tetragonal and the high-
temperature tetragonal phase in CaFe, As, have been investigated by 7> As nuclear magnetic resonance (NMR) and
nuclear quadrupole resonance (NQR) measurements. Through the temperature (7") dependence of the nuclear
spin lattice relaxation rates (1/7;) and the Knight shifts, although stripe-type antiferromagnetic (AFM) spin
correlations are realized in the high-temperature tetragonal phase, no trace of the AFM spin correlations can
be found in the nonsuperconducting, low-temperature, collapsed tetragonal (c7) phase. Given that there is no
magnetic broadening in 7> As NMR spectra, together with the T-independent behavior of magnetic susceptibility
x and the T dependence of 1/T,T x, we conclude that Fe spin correlations are completely quenched statically

and dynamically in the nonsuperconducting c7 phase in CaFe,As,.
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The frequent incidence of magnetism and particularly the
role played by antiferromagnetic (AFM) spin correlations on
superconductivity and on normal state properties has received
wide interest in the study of unconventional superconductors
such as high-7; cuprates and iron pnictides [1-5]. Among the
iron pnictide superconductors, AFe,As; (A = Ca, Ba, and Sr),
known as “122” compounds with a ThCr,Si,-type structure at
room temperature, has been one of the most widely studied
systems in the recent years [3-5]. Application of pressure and
carrier doping are considered to play an important role in
the suppression of the AFM ordering and the appearance of
high-temperature superconducting (SC) phase. These tuning
parameters produce the well-known phase diagram of the
Fe-based superconductors: an AFM ordering temperature Ty
is suppressed continuously with substitution or pressure appli-
cation, and an SC state emerges with the transition temperature
T, varying as function of the tuning parameters [3-5].

CaFe;As; is one such compound exhibiting an AFM order-
ing of the Fe moments at 7y = 170 K with a concomitant struc-
tural phase transition to a low-temperature (LT) orthorhombic
(O) phase [6-8]. Under ambient pressure, substitutions of Fe
by Co, Ni and others induce superconductivity in CaFe;As;
with 7. up to ~15 K [8-11]. Under a pressure of just a
few kilobars, the LT AFM O phase was found to translate
to a nonmagnetic collapsed tetragonal (c7) phase [8,12-14].
The ¢7 phase in CaFe,As, is characterized by a ~10%
reduction in the tetragonal c lattice constant, from the value
in the high-temperature (HT) tetragonal (7°) phase, along
with the absence of AFM ordering in LT O phase [15-17].
In the case of the presence of a nonhydrostatic pressure
component, an SC phase can be detected [8,12,14], which is
considered to originate from a noncollapsed tetragonal phase
being stabilized as part of a mixture of several crystallographic
phases in CaFe,As; sample at low temperatures [18,19].

Recently, the ¢7 phase was induced in CaFe;As; under
ambient pressure by changing the heat treatment conditions
that control strains inside a crystal grown out of excess FeAs
due to formation of nanoscale precitipates. According to Ran
et al. [11,17], CaFe,As, annealed at 400 °C for 24 hours
undergoes a phase transition from the HT 7 paramagnetic state
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to the LT O AFM state at Ty ~ 170 K, similar to the CaFe,As,
crystals grown with Sn flux. On the other hand, CaFe;As,
grown out of excess FeAs, quenched from 960 °C to room
temperature, exhibits a transition to the ¢7 nonmagnetic phase
below T ~ 95 K. This opens up opportunities for detailed
investigations of the ¢7 phase in CaFe,As, under ambient
pressure. Quite recently, detailed inelastic neutron scattering
(INS) [20] and angle-resolved photoemission spectroscopy
(ARPES) [21] studies on the quenched CaFe,As, crystal
under ambient pressure have been carried out. The absence
of magnetic fluctuations in the nonsuperconducting ¢7 phase
was evidenced by the INS study, which indicates that spin
fluctuations are a necessary ingredient for unconventional SC
in the iron pnictides. However, INS measurements, probing
mainly high-energy spin dynamics (order of Kelvin), could
not exclude the presence of magnetic fluctuations completely
in very low-energy regions such as a milli-Kelvin order.

Nuclear magnetic resonance (NMR) and nuclear
quadrupole resonance (NQR) can detect low-energy spin
dynamics through nuclear spin lattice relaxation rate (1/7;)
measurements. Kawasaki et al. [22,23] reported the T-
independent behavior of 1/777 on "As-NQR in the c7
phase in CaFe;As, under pressure of 10.8 kbar, demonstrating
the absence of the superconducting state in the ¢7 phase.
Ma et al. [24] have carried out "As NMR in Pr-doped
CaFe,As; and found a large increase in a nuclear quadrupole
frequency vq in the LT ¢7 phase, similar to the case of
>As NMR in the quenched CaFe,As; [17]. They have also
reported the T dependence of 1/7; in the ¢7 phase showing
a broad peak at ~25 K, which is attributed to originate from
Pr3* spin dynamics, masking out intrinsic properties of spin
correlations of Fe spins. Given these results, a detailed study
of static and dynamic spin correlations in the ¢7 phase in
non-rare-earth bearing CaFe;As, measured under ambient
pressure is intriguing and important, and also would provide
some clues about the origin of recently discovered SC in the ¢7°
phase of (Ca;_,Sr,)Fe,As, with T, ~ 22 K in Ref. [25] and
(Caj_x Ry)FeyAsy (R = Pr, Nd) with T, > 45 K in Ref. [26],
as well as for the observation of SC in other carrier-doped
CaFe,As; [27-29].
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In this paper, we report >As NMR measurements to
investigate the electronic and magnetic properties of the ¢7°
phase in CaFe,As,. From the 7 dependence of the 1/7j,
stripe-type AFM spin correlations are realized in the HT
T phase. On the other hand, no trace of the AFM spin
correlations can be found in the nonsuperconducting LT ¢7°
phase, demonstrating a quenching of Fe moments in the LT
c7 phase from a microscopic point of view. These results are
consistent with the recently reported INS [20] and ARPES [21]
results.

The single crystals of CaFe,As, used in this study were
grown out of an FeAs flux [11,17], using conventional
high-temperature growth techniques [30,31]. A single crystal,
referred to as “as-grown,” was quenched from 960 °C to room
temperature. The as-grown crystal shows a HT 7 - LT ¢7
phase transition at 7g ~ 96 K. For comparison, we also carried
out NMR measurements on the other CaFe,As, crystals,
referred to as “annealed,” which were annealed at 400 °C
for 24 hours and then quenched to room temperature. The
annealed CaFe;As, undergoes a phase transition from the HT
T paramagnetic state to a LT O AFM state at Ty ~ 170 K.
Details of the growth, annealing, and quenching procedures
are reported in Refs. [11,17].

NMR and NQR measurements were carried out on > As
(I =3/2,y/2m =7.2919 MHz/T, Q = 0.29 Barns) by using
a homemade, phase-coherent, spin-echo pulse spectrometer.
The 7>As-NMR spectra were obtained by sweeping the mag-
netic field H ata fixed frequency f = 51 MHz, while the 7> As-
NQR spectrum in zero field was measured in steps of frequency
by measuring the intensity of the Hahn spin echo. The magnetic
field was applied parallel to either the crystal ¢ axis or the ab
plane. The 73As 1/ T; was measured with a saturation recovery
method. The 1/7; at each T was determined by fitting the
nuclear magnetization M versus time ¢ using the exponential
functions 1 — M(¢)/M(c0) = 0.1e~"/T1 4+ 0.9¢=¢/Ti for 5 As
NMR, and 1 — M(t)/M(co) = 3!/ for > As NQR, where
M (t) and M(oo) are the nuclear magnetization at time ¢ after
the saturation and the equilibrium nuclear magnetization at
t — oo, respectively. Preliminary results of the 7>As-NMR
spectra for the as-grown and annealed CaFe,As; samples have
been reported previously [17].

Figure 1(a) shows typical field-swept > As-NMR spectra of
the as-grown CaFe,As, crystal in the HT 7 phase (measured
at T =110 K) for two magnetic field directions of H || ¢
axis and H || ab plane. The spectra exhibit a typical feature
of a nuclear spin I =3/2 with Zeeman and quadrupolar
interactions, which result in a sharp central transition and
two satellite peaks split by the quadrupolar interaction of
the As nucleus with the local electric field gradient (EFG).
The observed quadrupole-split NMR spectra were reproduced
by a simple nuclear spin Hamiltonian H = —y Al - Hegr +
’%[317_2 — I(I + 1)], where H. is the effective field at the
As site (summation of external field H and the hyperfine
field Hye), h is Planck’s constant, and vq is the nuclear
quadrupole frequency defined by vo = eQVzz/2h, where Q
is the quadrupole moment of the As nucleus, V7 is the EFG at
the As site. The red lines in the figure show simulated spectra
calculated from the simple Hamiltonian with vy = 18.5 MHz.
It is noted that the satellite linewidth, which reflects the
distribution of EFG due to defects or lattice distortion, is
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FIG. 1. (Color online) (a) Field-swept 7> As-NMR spectra for the
as-grown CaFe,As, crystal (quenched from 960 °C) at f =51 MHz
in the high-temperature tetragonal phase (measured at 7 = 110 K) for
magnetic field parallel to the ¢ axis (bottom) and perpendicular to the
c axis (middle), together with > As-NMR spectrum at T = 200 K for
the annealed CaFe, As; crystal (quenched from 400 °C after annealed,
see text) with H perpendicular to the ¢ axis (top). The black and red
lines are observed and simulated spectra, respectively. Expected lines
above 8.5 T are not measured due to the limited maximum magnetic
field for our SC magnet. (b) Same as described in (a) but in the
low-temperature collapsed tetragonal phase (measured at 7 = 4.2 K).
(Inset) >As NQR spectrum at T =4.2Kand H =0 T.

relatively large. To reproduce the linewidth, one needs to
introduce ~15% distribution (Avg = 2.7MHz)atT = 110K
as shown by the red curves in the figure. This is much larger
than ~4% distribution of vg = 13.7 MHz at T = 200 K for
the case of ?As-NMR in the annealed CaFe,As, crystal
shown at the top panel in Fig. 1(a), which has been reported
previously [17]. This indicates that the local As environment in
the as-grown CaFe;As; has a higher degree of inhomogeneity
than in the annealed CaFe;As,, which supports the idea that
the higher-temperature quenching introduces strains inside the
crystal [17].

Below T; ~ 96 K, the spectra for the as-grown CaFe;As;
crystal for both H directions change drastically [see Fig. 1(b)].
This is not due to magnetic ordering but instead due to a
dramatic change in vg from ~18.5 MHz in the HT 7 phase to
41.1MHzat T = 4.2 Kinthe LT c¢7 phase. The principle axis
of the EFG at the As site in the ¢7 phase is found to be along the
crystal ¢ axis, as in the case of the 7 phase, as expected, since
the As site has a local fourfold symmetry around the ¢ axis.
The value of vq = 41.1 MHz is confirmed by the observation
of NQR spectrum at zero magnetic field at T = 4.2 K shown in
the inset of Fig. 1(b), which can be compared with vg ~ 35.8
and 41.5 MHz in the LT ¢7 phase in (Ca;_,Pr,)Fe,As; for
x = 0.075 and 0.15, respectively [24]. The large change in vq
has been attributed to a structural phase transition without any
magnetic phase transition [17,24]. It is noted that the satellite
linewidth in the LT ¢7 phase is narrower than that in the HT 7
phase: the distribution of the vq in the LT ¢7 phase is estimated
tobe Avg ~ 2 MHz, which is smaller than Avg = 2.7 MHz in
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FIG. 2. (Color online) (a) Temperature 7" dependence of 75 As NMR shifts K, and K, for the as-grown CaFe,As;. (b) Anisotropic magnetic
susceptibility x = M/H vs T (where M is magnetization and H is applied magnetic field) for the as-grown CaFe,As, crystal measured at
H =1 T. From the NMR Knight shift measurements shown in (a), the upturns in x(7') below ~50 K are not intrinsic, originating from
impurities. The solid lines are corrected x (T) by subtracting the impurity contributions.

the HT 7 phase. This suggests that the local As environment
in the LT cT phase is more homogeneous than in the HT T
phase. The full width of half maximum of the central line at
T =4.2Kis290and 895 Oe for H || c axisand H | ab plane,
respectively, and we do not see any magnetic broadening in
the 7> As NMR spectra even at the lowest temperature 1.5 K for
our measurements. The vq is nearly independent of T below
T,. This behavior contrasts with that observed in the HT 7
phase where vq decreases from ~18.5 MHz at T =110 K
to ~18.0 MHz at T = 140 K[17], as well as the case in the
HT 7 phase of the Sn-flux CaFe, As; where vq decreases from
~14MHzat 170 Kto ~12MHz at 270 K [32]. Since V arises
from hybridization between the As-4 p and Fe-3d orbitals with
an additional contribution from the noncubic part of the spatial
distribution of surrounding ions, the larger vq in the ¢7 phase
indicates a strong hybridization between the orbitals. The
difference of vg in magnitude and in its 7 dependence can
be qualitatively interpreted when one takes into consideration
the difference in magnitude and 7' dependence of c-axis lattice
constant in the corresponding phases: a nearly T -independent
behavior (~10.65 ;\) below T, and a monotonic increase
from 11.2 A at T =100 K to 11.58 A at 300 K in the 7
phase [17].

Figure 2(a) shows the T dependence of Knight shift, K,
and K. for H parallel to the ab plane and to the c¢ axis,
respectively, where the second-order quadrupole shift was
corrected for in K,,. With decreasing 7', K. decreases slightly
down to ~100 K, and shows a sudden decrease at 7, similar
to the x(7") behavior shown in Fig. 2(b), and then levels
off at low temperatures without showing upturns. It is noted
that K. ~ 0.55% in the HT 7 phase is greater than K. =
0.15%-0.3% for the annealed CaFe;As, (not shown here) and
Sn-flux CaFe,As; [32], but close to K. = 0.58% in Pr-doped
CaFe;As; [24]. K, also shows the similar 7'-independent
behavior in the LT ¢7 phase: the data are limited above
T, due to very poor signal intensity. The upturns in x(7")
observed at low T in Fig. 2(b) are therefore not intrinsic
and evidently arise from a small amount of a paramagnetic
impurity. The solid lines in Fig. 2(b) are corrected x(T)
obtained by subtracting the impurity contributions, where

the T-independent x indicates a Pauli paramagnetic state,
including diamagnetic conduction electron Landau and core-
electrons susceptibilities, for the LT ¢7 phase.

Figure 3 shows 1/T;T versus T for H parallel and
perpendicular to the ¢ axis at H = 6-7 T. Above T5, 1/ T, T for
H || ab plane shows a monotonic increase with decreasing 7',
while 1/ T, T for H || c axis is nearly independent of T, similar
to the case of the annealed CaFe,As,. The T dependencies
of 1/TT in the annealed CaFe,As, are in good agreement
with that of 1/T;T in the Sn-flux CaFe,As, [32]. Below Tj,
both 1/T|T decrease suddenly and show Korringa relation
(T\T)~" = constant at low T with no anisotropy in 1/7;.
1/T,T is also measured by the 7> As NQR, which are shown in
Fig. 3 by solid triangles. The results are in good agreement with
the T dependence of >As NQR in the LT ¢7 phase induced
by the application of high pressure 10.8 kbar on CaFe,As;
crystals [22,23]. Since the EFG at the 7As is parallel to
the ¢ axis, which corresponds to the quantization axis, the
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FIG. 3. (Color online) Temperature dependence of 1/7,T for
both magnetic field directions, H || ¢ axis and H || ab plane and
at zero field (NQR) for the as-grown CaFe,As,, together with the
data measured in the annealed CaFe;As,.
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FIG. 4. (Color online) (a) 1/T\Tx vs T for both magnetic field directions, H || ¢ axis and H | ab plane in the as-grown sample. T
dependencies of 1/ T, T y for both H directions in the annealed CaFe,As, are also plotted for comparison. The increase of 1/7;T x observed
above T indicates the growth of the strip-type AFM spin correlations. (b) 7 dependence of the ratio » = T} /T .. The solid line is an eye

guide.

relaxation is expected to be the same with that obtained from
the NMR with H || ¢ axis. Actually, the 1/7T data by NQR
at zero field are in good agreement with that of NMR with
H || c axis, indicating the absence of magnetic field effects on
T, values.

In order to see spin fluctuation effects in the paramagnetic
state, it is useful to replot the data by changing the vertical
axis from 1/T1T to 1/T\T x as shown in Fig. 4, where the
corresponding corrected y was used for each H direction.
1/T\T can be expressed in terms of the imaginary part of
the dynamic susceptibility x”(g,wp) per mole of electronic

= 2 S A@P LL, where
the sum is over the wave vectors g within the first Brillouin
zone, A(q) is the form factor of the hyperfine interactions,
and x”(q,wp) is the imaginary part of the dynamic sus-
ceptibility at the Larmor frequency wy. On the other hand,
the uniform yx corresponds to the real component x'(g,wq)
with ¢ =0 and wy = 0. Thus a plot of 1/T\T x versus T
shows the T dependence of |A(@)|? x"(G.wo) with respect
to that of the uniform susceptibility x’(0, 0). Above T,
1/T\Tyx for H || ¢ axis and H | ab plane in both samples
increase with decreasing temperature. The increase implies
Z(} |A(§)|>x"(G,wp) increases more than x’(0, 0), which is
due to a growth of spin correlations with g # 0, stripe-type
AFM wave vector ¢ = Qar as discussed in the following.
Thus we conclude that strong AFM spin fluctuations are
realized in the HT 7 phase in both the annealed and as-grown
CaFe,As; crystals, consistent with INS measurements [20,34].
It should be noted that the nearly T-independent behavior
of 1/T1T does not always indicate the absence of the AFM
spin correlations, as has been observed for H | ¢ axis. One
can compare the 7 dependence of 1/7|T with that of the
uniform susceptibility [35-37]. In the LT ¢7 phase, on the
other hand, 1/ T, T x are nearly independent of 7 showing that
the T dependence of Zq |A(@))?x"(g,wo) scales to that of
x'(0, 0). This indicates no significant effects of the AFM spin
correlations in the LT ¢7 phase.

Now, based on these 77 results, we discuss more details of
Fe spin fluctuations in the HT 7 and LT ¢7 phases. According
to previous NMR studies performed on Fe pnictides [38—40]
and SrCo,As, [41], the ratio r = T ./ T1.4» depends on AFM

spins as in Ref. [33]

spin correlation modes as

for the stripe AFM fluctuations
for the Néel-type spin fluctuations

0.5 + (2)?

0.5 W

r =

where S, is the amplitude of the spin fluctuation spectral
density at NMR frequency along the « direction.

As plotted in Fig. 4(b), the r is greater than unity and
increases with decreasing 7 in the HT 7 phase for both the as-
grown and the annealed crystals. Together with the increase of
1/ T\ T x shown in Fig. 4(a), we conclude that stripe-type AFM
spin fluctuations are realized in the HT 7 paramagnetic state.
Néel-type spin fluctuations can be clearly ruled out because
according to Eq. (1) that would require » = 0.5, which is in
conflict with our measurements shown in Fig. 3(b) which give
r > 1.0.

In contrast, the r is close to unity and is 7-independent
in the LT ¢7 paramagnetic state. Given the fact that we do
not detect any trace of the AFM spin correlations in the T
dependencies of 1/7;T x and NMR spectrum, we conclude
that electron correlations disappear in the phase. This is con-
sistent with inelastic neutron scattering measurements [20,34],
which demonstrate the evidence of the absence of magnetic
fluctuations in the nonsuperconducting ¢7 phase in CaFe, As,.
According to recent ARPES measurements on CaFe,As; [21],
the multiband structure can be seen in the HT 7 phase, while
the hole pockets around I' point sink below Fermi energy,
resulting in losing the multiband nature in the LT ¢7 phase.
Since the stripe-type AFM spin correlations originate from
the interband correlations, the absence of the stripe-type AFM
spin correlations in the LT ¢7 phase is also consistent with the
ARPES measurements.

In summary, we report ”>As NMR and NQR results on the
LT c¢7 and HT T phases in the as-grown CaFe;As,. 7> As NMR
and NQR spectra measurements confirm no static magnetic
ordering in the LT ¢7 phase. Through the 7' dependence of
1/ Ty, Knight shift and magnetic susceptibility x, stripe-type
AF spin correlations are realized in the HT 7 phase in both the
as-grown and annealed CaFe,As; crystals. On the other hand,
no trace of the dynamical AFM spin correlations can be found
in the nonsuperconducting LT ¢7 phase. The lack of any mag-
netic broadening of NMR spectrum and 7'-independent Knight
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shift demonstrate no development of static Fe spin correlations
in the ¢7 phase. These observations, combined with the recent
INS measurements showing the absence of magnetic fluctu-
ations, bring us to the conclusion that electron correlations
completely disappear in a wide energy scale from NMR to INS
techniques in the nonsuperconducting ¢7 phase in CaFe;As;.
In this point of view, it is interesting to perform further
detailed studies to investigate the superconductivity, including
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possible multiplet phase effects, observed in the ¢7 phase of
(Caj_,Sr,)Fe,As, and (Ca;_, R,)Fe;As, (R =Pr, Nd).
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