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Carrier doping effects on spin dynamicsSin;4—,A,Cu,404 (A = Ca, Y, and La) are investigated
by Cu NMR and NQR. The energy gaps in the spin excitation spectra (spin gap) are confirmed to
be A = 140 K for the CuG, chain andA = 470 K for the Cu,0O3 ladder in Sg,Cu,404. The spin
gap for the ladder increases with the Y and La substitutions for Sr (up=t03), while it decreases
with increasingx in Sri4—,Ca,Cu,,04; and seems to collapse around= 13 of the Ca substitution.
Hole-doping effects on the spin gaps for the ladder configuration are interpreted in terms of magnon
and hole-depairing excitations for the sgin= % ladder. [S0031-9007(97)02578-7]

PACS numbers: 75.30.Et, 74.70.-b, 76.60.Gv

The discovery of highF, superconductivity in lightly riers in the CyO4 ladders and the Cufchains are con-
doped antiferromagnets has provided much interest itrolled by the substitution of other divaler@4>*, Ba’")
low-dimensional quantum spin systems. In order to obor trivalent (La’*, Y3*) elements forSr’>* [15-17].
tain insight into the physics of the hidh- superconduc- Very recently, superconductivity df. ~ 10 K was ob-
tivity, the Heisenberg spin-ladder systems, which consisserved in the highly doped sample of the Ca substitution
of two (or more) chains of magnetic coupled ions, havefor Sr, when high pressure ef3 GPa was applied [18].
been investigated intensively, since novel quantum phe- In a previous paper [19], we have confirmed the
nomena appear in spin-ladder system [1—6]. The spin deexistence of the energy gaps in spin excitation spectra
gree of freedom in the single ladder is well described byin both Cu sites by NMRNQR measurements, as we
the Heisenberg Hamiltonian have observed Cu-NMRQR signals of the chain and

_ / ladder site separately. We assign the gap energy of

H = JXSiSiv + J'25;5;, A = 140 K for the CuQ, chains andA = 470 K for the
whereJ and J' are exchange couplings along the legsCu,05 ladder in S§,Cu,,04.. The value of 140 K is
and the rungs of the ladder, respectively. Recent theoriadose to the 11 meV peak anl = 470 K is close to the
predicted that theS = % antiferromagnetic spin ladder 35 meV peak for inelastic neutron experiments [20,21].
forms a spin liquid state and has an energy gap in th&he difference in the spin gap between the chain and the
spin excitation spectra (spin gap) for ladders with everadder is attributed to the large exchange coupling in the
numbers of leg, but has no gap for odd-numbered ledadder and the small one in the chain, which may be owing
systems. Theories [3,4] predicted also that the frustratetb the different atomic bond configurations; namely 180
spin liquid state with a spin gap translated into theCu-O-Cu bond for the ladder and the nearly @u-O-Cu
superconducting state for hole doping. bond for the chain [12,13].

The magnetic and electronic properties have been in- In this Letter, we report carrier doping effects on the
vestigated in ladder systems of a vanadyl pryophosphatspin gaps in both sites ifrj4—,A,Cu404; (A = Ca, Y,
(VO),P,0; [7-9], and a cupretéSr,-1Cu,+10,, (n = and La). The main results are as follows. The spin gap
3,5,...) [10,11], though carrier doping into those systemsfor the ladder increases with Y and La substitutions for
has not been successfully achieved yet. Magnetic suscef+, decreases with increasirgn Srq4—,Ca,Cu404;, and
tibility [7,10], neutron scattering [8], and NMR studies seems to collapse around= 13 of the Ca substitution.
[9,11] on those undoped ladder systems have provided We will discuss hole-doping effects on the gap energy
clear evidence for the formation of gaps for the low lying of spin excitation spectra in terms of magnon and hole-
spin excitations. We have investigated Cu-NMR and Cu-depairing excitations.
nuclear quadrupole resonance (NQR) of a newly disclosed Polycrystalline samples were prepared by a conven-
ladder system of S5Cu,,04; [12,13] in which carriers tional solid state reaction under ambient pressure [15—
are possibly controlled [14]. The $€u,0,4; system 17]. NMR and NQR were measured by a conventional
forms a unique structure with CyOCu,0O3, and Sr lay- phase coherent pulse method. Two kinds of Cu-NQR sig-
ers. The Cu@ layers consist of 1D chains of edge- nals were obtained separately around 30—34 MHz (Cu(1)
sharing CuQ clusters and the GD; layers form 2D chain signals] and 13-15 MHz [Cu(2) ladder signals]
planes with two-leg ladder configurations [12,13]. Car-under zero applied field [19], corresponding to the two
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Cu sites of the chain and the ladder configurations in We measured?; of Cu(1)-NQR (at 33 MHz) and
Sr14Cuy,0,4. The split Cu-NMR spectrum of $1Cu,,0,4;  Cu(2)-NMR in Si,Cu,,0,4,; by a conventional recovery
was analyzed well by taking into account the quadrupolenethod from a saturation pulse. Recovery of the nuclear
interactions for both sites as reported previously [19].  magnetization after a saturation pulse for Cu(1)-NQR
From the edge position of the quadrupole split centrabnd Cu(2)-NMR spectra does not follow a recovery
transition (due to the second order perturbation effectjelation expected for a uniqud; process. Instead,
of Cu(1)-NMR, we evaluate the NMR shif of Cu(1) the recoveryR(r) of spin echo intensity in both Cu
in Sr;,Cu,40,4; and show its temperature dependence irsites was well fitted to the relation & (r) = {{M () —
Fig. 1. K shows a maximum near 70 K and changesM (r)]/M ()} exd —(¢/T)"] with n = 3, indicating the
rapidly with decreasing temperature. The NMR shiftGaussian-like distribution of th@; process. Figure 2
consists of both orbital and spin pafts= K, + Kspin  shows the temperature dependencelgf; of Cu(l)-
for the transition metal elementK,,, is considered to be NQR at 33 MHz inSry4—,A,Cu04; (A = Ca, Y, and
temperature independent in general and is estimated to ). 1/7; decreases rapidly with decreasing temperature,
in the range of +1 ~ +2)% for Cu?** [22]. Therefore, showing an activation type behavior above 20 K. As
the observed positivek of +1.74% at T — 0 can be the deviation at low temperatures is owing to additional
reasonably attributed t&,,,, for the Cu?>* configuration, contributions from impurity- or isolate@u?* spins, we
and the temperature-dependent partkois attributed to evaluate the gap value at high temperatures above 20 K
Kspin. As shown in the inset of Fig. 1, the temperatureand obtain the activation gap d&f = 140 K for the chain
dependence oK, of Cu(1) obeys a linear relation of site. As can be seen in Fig. 2, the temperature dependence
magnetic susceptibility..r (after subtracting the Curie- of 1/T; of the Cu(l) site is similar for Ca, Y, and La
Weiss type contribution from impurity- or isolatéta®>*  substitutions.
spins [15]) with an implicit parameter of temperature. As shown in Fig. 3, the temperature dependence of
Below 100 K, only the susceptibility from the chain site is 1/T; of the Cu(2) site obtained from the central peak in
dominant as the contribution from the ladder is considerethe NMR spectrum also shows an activation type behavior
to be negligible due to the large energy gap as discussedt high temperatures, except below 50 K wh&yetends
below. Thus, the transferred hyperfine constdfit for to be constant. The gap af = 470 K for the Cu(2)
Cu(1) is obtained to be-82 kOe/ 5 from the relation of ladder site is obtained from the simple relationigfl; o

H2™ = NapsK(T)/ Yeor- exp(—A/T) for Sr,Cu4041 [23]_. For the Cg—substitution
case,1/T, becomes smaller with decreasing temperature
compared to the case of Q€u,,0,,, indicating the gap
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FIG. 1. Temperature dependence of NMR sliftof Cu(1)-

NMR spectrum of SfCu,40.;.

parameter.

Note thatK is shown by the
negative direction. The inset shows Knight skift's magnetic
susceptibility y'7 as a function of temperature as an implicit La).

FIG. 2. Temperature and inverted-temperature dependence of
I/Tl of 63CU(1)'NQR in Sri4—AxCuys Oy (A = Ca, Y, and
The solid lines correspond to the éx@\/T) relation

with a gap of 140 K.
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FIG. 3. Inverted-temperature dependencd 4f, of 5Cu(2)- are considered to be situated in the chain site and to be
NMR in Sri4-.Ca,Cuxu0,. The solid lines are obtained by localized.
least mean square fittings for exponential relations at the high The number ofCu?* § = % spins in the chain is
temperature range. ~40% of the Cu ions of the chain in $Cuy 0,1 As
two neighboringCu?* spins in the 1D chains couple

energy decreases witk of Ca. Figure 4 shows the& antiferromagnetically to form a singlet, most afu?*
dependences of gap energy for both Cu sites obtainefl = % spins (40% of the Cu ions) among the comparable
from the temperature dependence 19fT;. We would amount ofCu®** (S = 0) ions may form dimers, a finding
like to stress that the spin gaps of the Cu(l) chain sit¢hat has been supported by the recent neutron scattering
uptox =9 of Ca, uptox =2 of Y, and up tox =1  experiment [21]. For the 1D chain spins with alternating
of La are nearly identical to (or a little smaller than) interactions (dimerized spins), theory has shown the
that of nondoped SKCu,,O,;. However, the spin gap existence of the gap for magnon excitation spectra [24].
of the Cu(2) ladder site increases wixhof Y and La, This may be an interpretation for the origin of the spin
and decreases withof Ca. From the linear extrapolation gap for the Cu@ chains in Sf,Cu,,0,4;. The relatively
with x, the spin gap for the ladder site seems to disappeamall gap of 140 K is attributed to the small exchange
at aroundx = 13 in Sry;4—,Ca,Cup;04;. This finding interaction owing to the edge-sharing Cufond for the
suggests that the spin gap for the ladder site collapses witthain configuration in SECu,404;. As the NMR result
hole doping at a sufficient level where the ladder systenshows the spin gap for the chain persists without notable
is expected to be metallic [15] and superconducting [18]. change in the range affor the Ca, Y, and La substitution

First, we discuss the spin gap for the chain sitefor Sr, the AF exchange interaction betwe@n’* spins
According to the electrical resistivity measurement,of the dimerized singlet pairs is not affected by increase or
Sr4Cuy404; is semiconductive in spite of an average decrease in the number of singlet spin pairs in the chains
valence of Cu ions of2.25. This system becomes more under randomly distributed and localized holes.
insulating with increasing for A = Ba, Y, and La, while Next, we discuss the change of spin gap in the ladders.
it becomes more conductive far = Ca, [15—-17]. The Additional doping of holes induces the oxidation state and
bond-valence-sums calculation [16] has shown that moshtroduces effectiveCu®** (S = 0) ions in either chain
holes are localized dominantly in the Cy@hains and or ladder sites. Kataeet al. [15] suggest that the hole
do not enter the CyD; ladder planes for the nondoped transfer from the Cu@chain to the CyO4 ladder planes
Sr4Cu,40,4;. In fact, the average valency of the chain Cuoccurs by the Ca substitution due to the shortening of
ions is estimated to be 2.55 by an iodometry titration andhe lattice constants. The hole transfer from the chain
to be 2.53 from the analysis of magnetic susceptibilityto the ladder sites is supported also by the bond-valence-
[17], values that are close to 2.60 expected when all holesums calculation [16]. As a result, hole carriers situated
are located in the chain of Cu ions. Thus, most holesn the ladder planes may participate in conducting without
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localization, when sufficient holes are doped. For¥ié  energy upon hole doping in the ladder can be attributed
and La** substitution, holes in the ladder as well as into the evolution of spin excitations, which is owing to
the chains decrease owing to the difference of the chargdtie increase of the excitations from bound holes into
state ofCa’". separated quasiparticles in the ladder planes.

As pointed out theoretically [6], the ground state of the The authors would like to thank Dr. Y. Furukawa for
ladder is a spin liquid state with a gapfor the isotropic  many helpful discussions. This work was supported in
(J'/J = 1) and also the strondJ’/J > 1) coupling. part by a Grant-in-Aid for Scientific Research from the
The excited sate in the doped ladder can involve spinMinistry of Education, Science, Sports and Culture of
triplet rungs, similar to the nondoped ladder case. InJapan.
addition, hole doping in the ladder creates the single-
hole rungs or two-hole rungs. In the ground state for
two holes, holes enter the bound state of two holes in
the same rungs [6]. Therefore, in the doped ladder, therg1] For a review, see E. Dagotto and T. M. Rice, ScieRé&,
exist two different types of magnetic excitations, i.e., the 618 (1996).
singlet-triplet (magnon) excitations and the excitations in [2] E. Dagotto, J. Riera, and D. J. Scalapino, Phys. Re#5B
which a pair of holes is scattered into two separated 5744 (1992). o
quasiparticles. The former one is inherited from the [3] ;éMMEK(:(laégS?;) Gopalan, and M. Sigrist, Europhys. Lett.
un(_joped spin Iadd_er. The collective magnon e>_<C|_tat|ons[4] M. Sigrist, T.M. Rice, and F.C. Zheng, Phys. Rev48
which evolve continuously from the nondoped limit can 12058 (1994)
be influenced by the quasiparticle excitations, especially[s] '

: p M. Troyer, H. Tsunetsugu, and D. Wurtz, Phys. Rev. B
when quasiparticles start to move along the legs. The  ~ 5g 1351 (1994).

mean field theory [3] shows an increase of the gap for the[e] M. Troyer, H. Tsunetsugu, and T.M. Rice, Phys. Rev. B
magnon excitations upon small doping, while numerical 53, 251 (1996).
studies for the ladder indicate a decrease of the gap7] D.C. Johnston, J.W. Johnson, D.P. Grshorn, and A.J.
energy [6]. The discrepancy is considered to be due to  Jacobson, Phys. Rev. 35, 219 (1987).
the fact that the mean field theory predicted only the [8] R.S. Erccleston, T. Berns, J. Brody, and J.W. Johnson,
magnon excitation and did not involve the hole-depairing _ Phys. Rev. Lett73, 2626 (1994).

At [9] Y. Furukawa, A. lwai, K. Kumagai and A. Yakubovsky,
excitations [6]. J. Phys. Soc. Jpi&5, 2393 (1996

Assuming the antiferromagnetic exchange coupling be-, . 2: Phys. Soc. Jpii5, 2393 (1996). .

tween Cu?" spins of the singlet pairs along the rungs[lo] M. Azuma, Z. Hiroi, M. Takano, K. lshida and
. . . Y. Kitaoka, Phys. Rev. Let{3, 3463 (1994).
is not affected by the increase or decrease in the nuMpy 4

) ) o K. Ishida, Y. Kitaoka, K. Asayama, M. Azuma, Z. Hiroi,
ber of singlets in the ladder, similar to the case of the ~ 519 M. Takano, J. Phys. Soc. Jiii8, 322 (1994).

chains, the spin gap for singlet-triplet magnon excitationg12] E. M. McCarronet al., Mater. Res. Bull23, 1355 (1988).
is expected to persist for light hole doping. The large[13] T. Siegristet al., Mater. Res. Bull23, 1429 (1988).
decrease of the spin gap for the ladder suggests an int4] H. Yamaneet al.,J. Ceram. Soc. Jp©8, 105 (1990).
portant influence of the hole-depairing excitations on thdg15] M. Kato, H. Chizawa, Y. Koike, T. Noji, and K. Saito,
gap energy. Low-lying excitations for the hole depair- Physica (Amsterdang35C—-240C 1327 (1994).
ing cause the suppression of the gap. The NMR resultd6] M. Kato, K. Shiota, and Y. Koike, Physica (Amsterdam)
show the spin gap seems to collapse arownd 13 of 258G, 284 (1996). ) ,
the Ca substitution, at which range holes can move (bé2’] 2/'55éatf57T kg%%‘):h" and Y. Koike, Physica (Amsterdam)
come metallic). Though the binding pairs of hqles ar(r_::|[18] M. Uehara, T. Na.gata, J. Akimitsu, H. Takahahi, N. Mori,
con3|d_ered to be favorable for the superconduqtlng CON- " and K. Kinoshita, J. Phys. Soc. Ji85, 2764 (1996).
densation, it should be noted that recently discovere¢hg) s Tsuji, K. Kumagai, M. Kato, and Y. Koike, J. Phys.
superconductivit7,. = 10 K) under high pressure [18] Soc. JpnB5, 3474 (1996).
appears in the doped range where the spin gap seems[f®@] R.S. Eccleston, M. Azuma, and M. Takano, Phys. Rev. B
disappear in the ladder. Needless to say, to confirm con- 53 R14721 (1996).
clusively the important point whether or not the spin gap[21] M. Matsuda, K. Katsumata, H. Eisaki, N. Motoyama,
and the hole-pairing state for the g, ladder persists in S. Uchida, S.M. Shapiro, and G. Shirane, Phys. Rev. B
the superconducting state, we need to investigate NMR and _ (to be published). .
neutron scattering experiments for the highly doped ladde?2] M. Takigawa, P.C. Hammel, R.H. Heffner, Z. Fisk, J.L.
samples under high pressure. Smith, and R. B. Sc_hwarz, Phyi. Rev 3B, 300 (1989).
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L . o at low temperature for the ladder. As the main feature
chain is nearly independent of the substitution of Ca (Up 5 the exponential drop with temperature, the magnitude
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Sr, but the spin gap for the ladder decreases witnd exponential relation at low temperature.
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