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Abstract. ®*Cu-NMR experiments of Knight shift and relaxation time T) have been performed on the
two-leg spin ladders of a SraCai2Cu24041 single crystal at several pressures up to the critical pressure
P, for the stabilization of a superconducting ground state. The data confirm the onset of low-lying spin
excitations at P. observed previously [Science 279, 345 (1998)] and reveal a marked decrease of the spin
gap under pressures above 20 kbar although a significant fraction of the spin excitations remains gapped at
P. = 32 kbar. A comparison between NMR and transport data under pressure suggests that the depression
of the spin gap can be ascribed to an increase in the interladder exchange coupling, possibly mediated by

the ladder-chain interaction along the b-direction.
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Introduction

The compound SraCai2Cus40y4; is one of the rare exam-
ples in the vast cuprate family in which the superconduct-
ing ground state can be stabilized under pressure [1-3].
This peculiarity makes therefore the study of the ap-
proach to the superconducting regime via pressure ex-
periments possible. The remarkable feature of the com-
pound (Sr/Ca)14Cuz404; is the existence of CuyO3 two-
leg ladders running along the c-axis, i.e. two parallel Cu-
O chains linked together by oxygen atoms with magnetic
coupling between Cu?* ions along rungs and legs being
both of the same order of magnitude and much larger
than the interladder coupling [4-6]. Consequently, in a
first approximation, the ladders can be considered as iso-
lated entities. This ladder structure is thus responsible for
the absence of low-lying spin excitations, namely the exis-
tence of a spin gap due to the tendency of Cu?* (S = 1/2)
ions on the same rung to form a spin singlet state at low
temperature. The spin gapped structure survives the ex-
istence of a finite concentration of holes in the ladders, as
suggested theoretically and also verified experimentally in
the compound (Sr/Ca)14Cug404; which comprises chem-
ically doped ladders with a concentration of 0.06 hole
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per Cu in the CuyOs ladder of the parent compound
SI‘14CUQ4041 [7]

The main interest of spin ladder superconductors lies
in the theoretical prediction to observe superconductiv-
ity in the d-wave channel; a direct consequence of the
spin gapped character of the magnetic excitations [8].
It has been recognized that the attempt to establish a
link between the predicted theoretical superconducting
phase of isolated ladders and the phase actually stabi-
lized under high pressure in (Sr/Ca)14Cug4Oy1, is one of
the hottest challenges in the physics of strongly correlated
low-dimensional fermions.

A previous study carried out on SraCajaCug40y41 [3]
has concluded to the existence of low-lying spin excita-
tions under high pressure conditions, i.e. P = 32 kbar,
when superconductivity appears below T, = 5 K. Conse-
quently, it is of high importance to study how the transient
domain between the spin gap regime and the situation
with low-lying spin excitations develops under pressure.
Recent NMR experiments at 17 kbar and inelastic neu-
tron scattering experiments at 21 kbar have reported the
observation of a spin gap which does not vary from that
observed at ambient pressure [9-11].

Our work presents the results of a new study per-
formed on SryCa;2Cug4041 by high pressure NMR, exper-
iments, focusing on the pressure regime 20-32 kbar which
is close to the critical pressure needed for the stabilization
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of superconductivity. Some preliminary measurements re-
lated to this study have appeared in [12].

Experimental

The experiments were carried out on the single crystalline
sample of SroCaj2Cug4041, grown by the travelling sol-
vent floating zone method already used in a previous
study [3].

63Cu (I = 3/2) NMR measurements were performed
at a fixed magnetic field of 9.3 T via a Fourier transform of
the spin echo on the central transition (1/2, —1/2) using
phase alternation techniques. The broad %Cu spectrum at
low temperature was obtained by summing up the Fourier
transforms of spin echo signals taken at different frequen-
cies with a frequency increment such as Avy, = nAvpeg
(where Avyes is the resolution of the Fourier transformed
spectrum) which is kept smaller than the FWHM of a
single Fourier spectrum.

The magnetic shift of the 3Cu-NMR line was deter-
mined using a simulation taking into account quadrupolar
corrections to the Zeeman frequency in a second-order per-
turbation theory. For a magnetic field applied parallel to
the b-axis of the sample, the resonance frequency of the
central transition reads [13,14],

vay2,-1/2) = (14 Koo + (ve — va)?/12(1 4 Kp)ve (1)

where Ky, v, and v, are the Knight shift, the Larmor
frequency in a diamagnetic substance and the quadrupolar
tensor components, respectively.

Following the determination of the quadrupole tensor
in Srg5Cag1.5Cu24041, the second term in equation (1)
amounts to about 42 kHz (400 ppm) with a negligible
temperature dependence compared to the temperature de-
pendence of the first contribution. The pressure depen-
dence of the quadrupolar contribution is not easy to esti-
mate. However, considering the 100 ppm change of the
quadrupolar contribution at B = 9.3 T which is ob-
served upon Ca substitution from z = 0 to x = 11.5 in
Sr1_2Ca,;CuggOy; [15,16] and the expected equivalence
between the chemical pressure of Ca and the applied pres-
sure, we can conclude that a change of the quadrupolar
term exceeding 100 ppm is very unlikely under 32 kbar.

NMR data were obtained in a non magnetic high hy-
drostatic pressure cell. In order to take into account the
slight field distortion generated by the tungsten carbide
piston, the NMR signal from the RF coil was used as a
field marker (known to be only weakly pressure depen-
dent) [17]. All shift values reported in this work have been
calculated relative to the 53Cu resonance in a diamag-
netic substance, namely %3y, = 53v(met)/1.0023, where
631/(met) is the resonance frequency of copper metal.

The %3Cu Knight shift consists of two contributions,
the orbital 3K, and spin %3 K, contributions, which are
both very anisotropic. Given the known anisotropy of the
Knight shift, the situation B || b has been reached through
a fine adjustment of the angular position of the pressure
cell in the magnetic field.
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Fig. 1. Temperature dependences of the ®3Cu ladder nu-
clei Knight shift in SrpCa12Cu24041 for H || b at different
pressures.

Some measurements of the spin-lattice relaxation time
Ty have been performed by the saturation recovery
method and will be presented more extensively in a forth-
coming publication.

Results

Figure 1 shows the data of the %*Cu Knight shift
versus temperature at different pressures up to 32 kbar.
The remarkable feature in Figure 1 is the very small pres-
sure dependence of Ky(T) at T > 150 K as compared
to the strong one which is observed in the low temper-
ature regime. The Knight shift consists of two contribu-
tions K1, and Ky, which can both be pressure dependent
while the orbital contribution is likely to be temperature
independent. The published NMR study at 17 kbar has
suggested the possibility of a slight decrease of the or-
bital shift under pressure [9]. However, according to the
data presented in reference [9] we should have obtained
a reduction of 0.11% of Ko at P = 32 kbar. Our re-
sults of Figure 1, would thus impose the spin part Ky
to be reduced by a factor of about two at room tempera-
ture and 32 kbar, an assumption which we find unlikely.
Consequently, we have assumed the pressure dependence
of Ko, b to be negligible and the spin contribution reads
then,

Ks7b(P, T) = Kb(P, T) - Korb,b(P =1 bar). (2)
The temperature dependence of the 3Cu line position at
ambient pressure leads to Ko p = 1.33% assuming K,
(1 bar, O) to be zero at T = 0 in the spin gap regime,
vide infra. The Ky, data are displayed in Figure 2.
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Fig. 2. T-dependences of the spin part of the **Cu Knight
shift K. The lines are a fit to equation (3).
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Fig. 3. Relaxation rate ®® (1/71), vs. temperature. In the in-
sert, (T1T) ™" ws. T.

The temperature dependency of the spin-lattice rate
is shown at various pressures in Figure 3 and plotted as
(T'T)~! vs. T (see inset). T} data have been extracted
from the recovery of the magnetization using the theory of
relaxation via magnetic hyperfine coupling for quadrupo-
lar nuclei in metals [18].
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Fig. 4. Pressure dependence of the spin gap As (e), the resid-
ual spin susceptibility xso(P) (O) and the superconducting
transition temperature, T¢, for Sra.5Cai1.5Cu24041 (A) [2] and
fOI” SrgcalchQ4041 (*) [3,12].

Discussion

The temperature dependence of the Knight shift, Figure 2,
shows three characteristic temperature domains. The high
temperature regime down to 140 K and 75 K at 1 bar and
32 kbar, respectively, in which K}, reveals hardly any T
and P dependence. An intermediate regime with both T
and P dependences and the low T regime below 30-20 K
which is only P-dependent. As far as low and intermediate
temperature regimes are concerned, we shall assume that
the temperature dependence of Ky, is related to the spin
excitations above the spin gap Ay as for undoped two-leg
ladders. Hence, we fit the spin susceptibility using the sum
of two contributions,

C —Aq
xs(T) = ﬁ exp T + Xso(P)

where the first term of equation (3) represents the con-
tribution to the susceptibility expected for triplet excita-
tions in undoped spin ladders [19] and the second term
is T-independent but could be P-dependent. The pres-
sure dependence of the activation energy Ag and X (P)
are displayed in Figure 4. These results agree with earlier
studies showing a spin gap value Ay ~ 260—270 K at am-
bient pressure in similar samples [15,20] and also support
the sharp decrease of the spin gap under pressure [3,9,21].
It is also clear from Figure 4 that the strong decrease of
Ag occurs in the pressure domain above 17 kbar together
with the emergence under pressure of spectral weight in
the spin excitations at low energy.

The solid line in Figure 4 is a polynominal fit which
suggests an extrapolation of Ay to a zero value in the
pressure range 40-45 kbar which is close to the pressure

3)
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where a maximum in the superconducting 7T is observed.
What Figure 4 shows is that a significant fraction of the
spin excitations remains gapped when superconductivity
is stabilized around 32 kbar. This situation is indeed rem-
iniscent of the growth of zero frequency spectral weight
which is observed in the undoped two-leg ladders upon
substitution of Cu?* by non-magnetic impurities [22,23].

The border between high and intermediate T' regimes
is also visible on the (T3T)~! vs. T data, Figure 3. The
high temperature domain represents a regime in which the
Cu?T (S = 1/2) spins no longer feel the influence of the
intra-rung AF coupling (when the temperature becomes
larger than the spin gap (T' > Ay/2)) and in turn follow
the dynamics of 1-D Heisenberg chains with 1/T1 ~ 1/J.
As the data of Figure 3 and in reference [3] do not show
any significant pressure dependence we may conclude that
the longitudinal coupling is not affected by pressure up to
32 kbar. The cross-over temperature between 1-D Heisen-
berg and spin-gapped regimes is depressed in the same
proportion as Ag under pressure, Figure 4.

Using the direct derivation value of the parallel ex-
change coupling from inelastic neutron data, J; = 990 +
165 K [10], the experimental value of As = 260 K leads
to As/J) =~ 0.26 £0.04 and in turn to J1 /Jj ~ 0.6 £0.05
from the calculation of the excitation spectrum of Heisen-
berg spin ladders [24]. The perpendicular coupling thus
obtained, J; ~ 644 + 50 K, is in qualitative agreement
with the INS data, J; ~ 715+ 110 K [10]. This discussion
suggests that the theory of undoped Heisenberg ladders is
still rather satisfying to understand the spin excitations
spectrum under ambient pressure.

In order to explain the suppression of the spin gap ap-
proaching the superconducting regime, several hypothesis
can be taken into account. We first consider a possible
pressure dependence of intra-ladder couplings (exchange
and hopping terms). We have seen that a variation of J;
is not supported by our 77 data under pressure in the
1-D regime. Furthermore, a variation of J; under pressure
(and, in turn, of the ratio J, /.J)) is also unlikely since the
rung exchange coupling comes from the same Cu—O—Cu
180° bond as the intra-leg bond coupling already found
to be insensitive to pressure up to 30 kbar. The finding of
a small pressure coefficient for the conductivity along the
ladders at room temperature (2% per kbar) is also not in
favour of a drastic increase of the hopping term along the
legs of the ladders.

The next interactions to be considered are interlad-
der couplings. It is known that the b-axis parameter plays
a dominant role in the (Sr/Ca);4Cu24041 series as this
parameter decreases by an amount of 6.5% going from
Sr14Cug4041 to SraCai2CussO41 while the drop of the
a and ¢ parameters are only 1.6% and 1.24%, respec-
tively [25]. In addition, the compressibility is about ten
times larger along b than along the a direction and the
transport anisotropy shows hardly any P-dependence at
room temperature in the ladder plane [26]. Consequently,
the interladder hopping term does not seem to be more
pressure dependent than the intra-leg one. Therefore, we
may tentatively suggest that the dominant coupling which
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increases under pressure is an indirect interladder ex-
change between Cu®* spins mediated by the Cu (ladder)—
O (chain) interaction which is known to be very sensitive
to pressure.

To summarize, the data of this new study of the
63Cu-NMR properties of SroCaiaCuasO4q performed in
the pressure domain which goes up to the critical pressure
for the stabilization of superconductivity have confirmed
the collapse of the spin gap reported earlier [3] and are
also in agreement with the transfer of population of spin
excitations above 20 kbar from the modified gap position
down to the low energy range. Gapped excitations extrap-
olate to zero at a pressure corresponding to the maximum
T, for superconductivity. We have suggested a possible re-
lation between the strong depression of the spin gap and
a chain-mediated interladder exchange coupling
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