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Ni-substituted sites and the effect on Cu electron spin dynamics of YB&u;_,Ni,O;_5
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We report a Cu nuclear quadrupole resonance experiment on magnetic impurity Ni-substituted
YBa,Cu;_,Ni,O;_ 5. The distribution of Ni-substituted sites and its effect on the Cu electron spin dynamics
are investigated. Two samples with the same Ni concentratiod.10 and nearly the same oxygen content but
differentT.'s were prepared: One is an as-synthesized sampte576.93) in an oxygen gasi¢~80 K), and
the other is a quenched one {$=6.92) in a reduced oxygen atmosphefe.#70 K). The plane-site
83Cu(2) nuclear spin-lattice relaxation for the quenched sample was faster than that for the as-synthesized
sample, in contrast to th&Cu(1) relaxation that was faster for the as-synthesized sample. This indicates that
the density of plane-site K) is higher in the quenched sample, contrary to the chain-sit® Nensity, which
is lower in the quenched sample. From the analysis in terms of the Ni-induced nuclear spin-lattice relaxation,
we suggest that the primary origin of suppressioif ofs associated with the nonmagnetic depairing effect of
the plane-site NDR).

DOI: 10.1103/PhysRevB.66.134511 PACS nuniber74.72.Bk, 76.60-k, 75.20.Hr

Magnetic impurity causes depairing in bastwave and  Nd, . ,Ba,_,Cu;O;_ 5. 21'22Recently, using the reduced oxy-
d-wave superconductivity. Complete suppression of the sugen partial pressure technique, Adaehial, succeeded in
perconducting transition temperatufe is observed for Ni-  controlling T, of YBa,Cus_,Ni, O;_ 5 with optimal oxygen
doped La_,SrCuO, and YB3Cu,Og, somewhat more content'® They  synthesized two  series  of
weakly than that for Zn-doped on&s’ Ni impurity in the  YBa,Cu,_,Ni, O, ; samples having differeriT.’s per Ni
high-T cuprate superconductor carries a localized momentgoncentration. Figure(h) shows the Ni doping dependence
because the uniform spin susceptibility with Curie or Curie-of T, of their sampleé? Here, we focus on two samples with
Weiss law is observed. The depairing effect of the potentiathe same Ni concentration=0.10[z=0.033 in Fig. 1b)]

scatterer Zn on thel-wave superconductivity is a natural and nearly the same oxygen content but differépt For
consequence from breakdown of Anderson’s thectéfor

YBa,Cu;0;_ 5 with the optimizedT,=92 K, however, the 100 .

decrease oT . per Ni concentration is smaller than that per VBH(CoMIOr 108 YBLCUM)O 3
A8 . . . \ (a) N as-synthesized” ()

Zn concentratioi=8 Figure Xa) shows the impurity doping LY E

dependences df for various highT. superconductors with %50- @ Bi,St,Ca(Cu, M,),04- 80 3

Ni or Zn1®2 The decrease off, by Ni doping for SN YBay(CuyM,),05

YBa,Cu;0;_ 5 is smallest among these compounds with Ni RN 70 -

. - - h . 5 La, g5S1),5Cu) ,M;0,4

in Fig. 1(@). This small decrease of. by Ni doping for g «“‘Tx’o'n’;’ e B ] e

YBa,Cu;0;_ 5 was attributed to a weak scattering of con- ' M(=Ni, Zn) concentration z " Niconcentrationz

ducting carriers by Ni impuritie$Born scatterér) or to a _ _ _
softening of the pairing frequency itsélflevertheless, it has FIG. 1. (8 Impurity doping dependence df as functions of
been suspected that only a part of the doped Ni impurities ithe .concentratlorz fpr various highT, superconductors.wnm/l
substituted for the plane C2) site and that the remaining =Ni or Zn. The solid(open symbols are the NiZn) doping de-
part is for the chain OW) site**~1’(see the references in Ref. geBndc(a(r;ce &f;Cé T(\t;;:ata a“z ta_dop:gdffromR F:einQf for
18). The bulk T, is considered to be determined by the ¥>d2(th-2Mz)s07 >, upward triangles from Ret. 10 for
amount of the inc-plane N2) impurity. One should note )t/hat Bi2SCa(Cy -;M,),0s (Bi2212, squares from Refs. 11 and 12

e . . for YBay(Cu,_,M,)40g (Y124, circleg, and from Ref. 1 for
YBa,Cu;0;_ s has two crystallographic Cu sites, i.e., the Lay St 160Uy _.M.O, (LS214, downward trianglés The dashed
chain Ci1) and the plane Q@) sites. The recent observation _ 185> 015~ 1=z 2=4 ! 9

f in-pl isot f optical ductivity for d and the solid lines are fitted by.=T.-myz (My =y zn iS the
of an In-plane anisotropy of optical conduclivity Tor de- fitting parameter for the respective materials. The estimated ratio

twinned single crystal YB#&us_xNi,O7_; indicates the ex-  n /m, s about 0.26 for Y123, 0.46 for Bi2212, 0.80 for Y124,
istence of the chain-site Ni).™ A microscopic study onthe 4nq 0.62 for LS214. The decreaseTaf by Ni doping for Y123 is
selective substitution of Ni impurity is therefore of interest. gmallest among these materidls) Ni doping dependence df, for

Synthesis of oxides under reduced oxygen partial pres-as-synthesized” or “quenched” Y123, adopted from Ref. 18. The
sure is frequently effective in controlling the cation solid solid curves are guide for the eyes. Note that the Ni concentration
solution, e.g., to synthesize the superconductingn the text is defined byx=3z in YBa,Cus_,M,0;_5[7— &
La, . Ba,_,Cls0,_5,%° or to optimize the superconducting =6.92—6.95(Ref. 18]. The decrease df, by Ni doping is larger
critical current density or the irreversible magnetic field of in “quenched” Y123 than in the “as-synthesized” one.
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FIG. 2. Zero-field frequency spectra of the chain-site and the
plane-site®**Cu NQR for YBgCu,_,Ni,O,_; at T=4.2 K. The
line shapes are scaled affEy corrections have been made. FIG. 3. The Ni-doping effect on th&°Cu nuclear spin-echo
recovery curve(t)=1-M(t)/M(x) at T=4.2 K. Insets show
. the recovery curves for the putli-free) sample aff=4.2 K. The
convenience, let us c_aII one sample WT[_'B% 80 K (7- 5_ solid curvesyare the Ieast-sq%ares fitting respults using the theoretical
=6.93) an as-synthesized one, because it was synthesizedsifction including a stretched exponential functi@ee the text
flowing oxygen gas without quenching treatment, and the
other sample withT,~70 K (7— §=6.92) a quenched one, amount of the as-synthesized sample is more than that of the
because it was the as-synthesized sample once again firggdenched one; nevertheless the intensity ofIiCNQR spec-
and quenched in a reduced oxygen atmosphere at 800 °@a for the as-synthesized sample was weaker than that for
The details are given in Ref. 18. Ni prefers the higher coorthe quenched one. But we could not find a qualitative differ-
dination of oxygen atom&’ The plane-site O@) is located ~ence in the line profiles of Cu NQR spectra between two
in the pyramid with five oxygen ions, whereas the chain-sitesamples.

Cu(l) is coordinated with two, three, or four nearest- Figure 3 shows the®*Cu nuclear spin-echo recovery
neighbor oxygen ions. The two series of samples with differcurves  (spin-lattice  relaxation  curvgs p(t)=1
ent T, suggest that the distribution of Ni-substituted sites—M(t)/M () for Ni-doped samples dt=4.2 K. The insets
over Cuy1) and Cuy2) sites is changed through synthesis un-of the figures show the recovery curves for plrapurity-
der the reduced oxygen atmosphere. free) YBa,CuyOg g5 (T.=92 K). Solid curves are the least-

In this paper, we report the measurements ofiCand  squares fitting results using the theoretical function described
Cu(2) nuclear quadrupole resonandBlQR) spectra and below. First, from comparison with the insets, all the recov-
nuclear spin-lattice relaxation curves to study microscopi€ry curves for both Ni-doped samples recover more quickly
cally the distribution of Ni-substituted sites for the above-than those for pure YB&u;Og gg. Thus, Ni impurities dis-
mentioned two sample@s-synthesized and quenched gnes tribute over both sites of Gli) and Cy2). Second, the Gi2)

The observed difference in th€Cu nuclear spin-lattice re- nuclear spin-echo signal recovers faster in the quenched
laxation at C(l) and Cy2) in the two samples is supposed sample than in the as-synthesized one, whereas tli&) Cu
to be a Ni doping effect. From the Cu NQR measurementshuclear spin-echo signal recovers more slowly in the former
we conclude that the heat treatment in reduced oxygen atmdhan in the latter. The G@) nuclear spin-echo signal is af-
sphere indeed results in a redistribution of the Ni atoms irfected in the quenched sample more than in the as-
YBa,Cu;_4Ni,O7_ s, as supposed in Ref. 18. synthesized one, whereas the(Qus vice versa. Thus, it is

Two samples with precisely the same mole number couldatural to conclude that the amount of()iin the quenched
not be prepared, because some parts of the samples has@mple is more than that in the as-synthesized one and that of
already been used for the characterizatfbrlence, quanti- Ni(1) is vice versa.
tative comparison of the relative intensity of Cu NQR spectra  The ®3Cu nuclear spin-echo recovery curves for Ni-doped
could not be made to estimate the relative number of theéamples in Fig. 3 are nonexponential functions. For quanti-
observed nuclei. The nuclear spin-lattice relaxation is indetative discussion, we analyzed the experimental recovery
pendent of the sample volume and is relatively more sensieurvep(t) by the exponential function times a stretched ex-
tive to the impurity than the intensity of NQR spectrum. Theponential functionp(t)=p(0)exg —wWt/(T1)posr— YW/ 7]
powder samples were coated in paraffin oil. A coherent-typép(0),(T1)nost» @and =, are the fit parameters, avd=3 at
pulsed spectrometer was utilized for the zero-field Cu NQRCu(2) andw=1 at Cu1)], after the dilute magnetic allé§
measurements. The Cu NQR frequency spectra with quadrar YBa,Cu,Og with Ni impurities?* The multiplicative nu-
ture detection were measured by integration of the spin echmerical factomw is introduced to conform to the conventional
oes as a function of rf frequency. The Cu nuclear spin-latticeexpression off;,2” and it is not essential in the discussion
relaxation curves were measured by an inversion recovergelow. Herew=3 is defined for the G2) NQR T, under a
spin-echo method, where the Cu nuclear spin-echo amplitudgniaxial electric field gradient. The Cl site is under an
M(t) was recorded as a function of time intertadfter an  asymmetric electric field gradieft?°so that all thex, y, and
inversionsr pulse, in arr-t-7/2-m echo sequence, amd () z components of the fluctuating local field contribute to the
was also recorded in @&/2-m echo sequencéo inversion Cu(l) NQR T;. Then, we use a simpl@=1. (T;)nostiS the
pulse as usuaftl1?2425 Cu nuclear spin-lattice relaxation time due to the host Cu

Figure 2 shows the Cu NQR spectra®t4.2 K. The electron spin fluctuation via a hyperfine coupling.is the
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FIG. 4. Log-log plots of(@ [(c)] ®¥(1/T1)nest @and (b) [(d)] @ '&ﬁ E
83(1/7,) at 83Cu(2) [®%Cu(1)] as functions of temperature for the :,_01 Ak ¢
Ni-free and for the Ni-doped samples. The dashed linesTare = %
functions. The solid curves are guide for the eyes. ¢
impqrity_—induc_ed nuc_lear spin-la_ttice relaxation _time _via a 0'00 100 200 300
longitudinal direct dipole coupling or a two-dimensional T(K)

Ruderman-Kittel-Kasuya-Yosida interactidhwe have con-

firmed no significant contribution from nuclear spin diffusion ~ FIG. 5. The Ni-doping effect on the temperature dependence of
by measuring®®Cu isotope dependence and pulse-strengtt@ *¥(1/T1)posiand(b) *(1/7;) at **Cu(2) in linear scale. The thick
H, dependence of the recovery Cur\9ésAIthough for the bars indicate the respectivk;'s. The dotted curve is the least-
heavily impurity-doped syste?ﬁ or spin glass syste?ﬁ squares fitting result by a function afC/(T+0©)(C=1.7 ms?
where it is hard to assign separately the host and the gue®pd® =128 K) aboveT..

contributions, a single stretched exponential functyih)

=p(0)exd — (t/71) %] with a variable exponent might be  of (1/T1)ns far below T, may indicate a Ni-induced impu-
appropriate, and we believe that the present model with twaeity band associated with the different order parameter, more
time constants, {;)nost @nd 71, is minimal and appropriate gapped on the Fermi surface than a pdge ,>-wave gap.

for thex=0.10 samples. Figure 5 shows the temperature dependence (f

Figure 4 shows the temperature dependence of the esf{d/T;)ostand(b) 1/7; at Cu?2) in linear scale to show up the
mated (a) [(c)] (1/T1)nost and of (b) [(d)] 1/7; at 3Cu(2) above T, data. The host (Th)nest Of CU2) above T, is
[®3Cu(1)]. Below T, the Ni-induced relaxation component nearly independent of Ni doping, whereasr;lincreases
(stretched exponential pais predominant both at Q) and  with decreasing .. In general, 14, is an increasing function
Cu(2). In Figs. 4b) and 4d), the Ni-induced relaxation rate of the impurity concentratiof® Thus, the observed increase
1/, of Cu(2) for the quenched sample is more enhancedf 1/7; indicates the systematic increase of the in-plan@)Ni
than that for the as-synthesized one, whereas that @)@  concentratiorpjane.
vice versa. In Fig. &), the upturn of 1#; of Cu(2) below 10 In the theoretical model of superconducting pairing medi-
K for the as-synthesized sample is consistent with the upturated by antiferromagnetic spin fluctuations, the external de-
of an initial relaxation rate T/;5 reported in Ref. 34. In Fig. pairing effect onT, is written by T,=T;— AT, with T
4(d), the difference in I, of Cu(1) between the two samples ~TI'4(Q)xo(Q) [I'o(Q) is the host antiferromagnetic spin-
with Ni is larger at lower temperatures than about 30 K. It isfluctuation frequency, angy(Q) is the static staggered spin
hard to estimate precisely the small-i/and its difference  susceptibility®*’] and withA T X pjane.® In spin-fluctuation
above about 30 K, where the signal-to-noise ratio ofifu theory?® one can obtain (1)< TC/(T+O)[C
NQR is poor in the Ni-doped samples. < xo(Q)/T'(Q) and®xI'4(Q) (Ref. 40] in the leading or-

In Fig. 4(a), the host relaxation rate (1) s 0f Cu(2) in der. The actual fit result by this function is the dotted curve
the as-synthesized and the quenched samples decreases ninr€ig. 5@). Thus, the quantitative temperature dependence
steeply than that in pure YB&W;Og og, as the temperature is of (1/T,). tells us the characteristic spin-fluctuation pa-
decreased below=18-20 K and belowl' =25-30 K, re- rametersyy(Q) andI'o(Q), which may describe the pairing
spectively. The dashed lines dFé functions characteristic of interactions. The nearly Ni-independent T3)os in Fig. 5
d-wave superconductivity. The steep decrease of ()}4sx  indicates that the host spin-fluctuation spectrum is nearly in-
and the upturn of ¥, is also observed for YB&u, ,Ni,Og variant under Ni doping. In Ref. 9, the host T1),0st Was
with x=0.12 (T.=15 K).?* It is theoretically suggested that estimated to be systematically enhanced by Ni doping, which
the spin-orbit coupling between an itinerant electron and a Nwas regarded as evidence for softening of the spin-
local moment induces a local superconducting state with #uctuation frequencyl’((Q) and for the central origin for
different order parameted(,-wave symmetryaround Niin  reducingT.. However, our analysis indicates that the Ni-
thed,2_2-wave superconducting stateThe steep decrease enhanced C@) nuclear spin-lattice relaxation comes from
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the extra relaxation in the stretched exponential part. TheyBa,Cu, O, 5,%° or a typical 4-3d exchange interaction

central origin to reducé is the external pair braking effect |j_|~0.1 eV. Sincd mIJN:S|=0.03<1, the decrease df,

due to the increase of the in-plane(8)i concentrationyiane  due to the magnetic scattering can be calculated within the

in AT.. This is consistent with the original result for |gwest order Born approximatioli. From AT,

YBa,Cu,_,Ni,Og. However, it is still hard to estimate the 20-25772Xp|anel\|F323(5+1)/kB with S=1 in ad,._,2-wave

quantitative value oKpjane- superconductdt! the sole occupation at @) (Xpjane=X/2
Here, we analyze the temperature dependencergfaid  _ g 5y i the quenched sample yield,=0.08 K at most.

discuss the pair breaking mechanism of Ni. For an isolate his value is smaller than the observad,~20 K in the

local moment system in a conventional metal, the dynamical uenched sample by a facter250. suagesting that mad-
spin susceptibility as a function of frequeney2m is ex- q pie by » SU99 9 9

_ e netic pair breaking is not the mechanism of suppression of
pressed by x(d,w)=x /(1=iw/T'\), where XLO:S(S T, in YBa,Cus_Ni,O;_ 5 (similar estimation for Zn doping
+1)/T is the static spin susceptibility and’,=aT ' 72 R fx4 XV\;'hs hi p ion that th
=41 (INg)?kgT/% (J is the coupling constant of the local- 'S S€€N N REL. B With this regard, we mention that the
ized moments to the band, ahf is the density of states at _magnet|407 'E%lety Ni shou_ld a_lso has a n_onmagnetlc scatter-
the Fermi level per spinis the impurity fluctuation fre- N9 Part."=">"Although this kind of spin-independent scat-
quency due to the Korringa relaxatibhThen, one obtains (€ring part does not affectwave superconductivity, it can
1T, or UrxT /(03+T2) (on/2m is the nuclear reso- Suppressi-wave superconductivity, so that we have to in-
nance frequendy*??’ Since 1f,1/aT at high temperatures clude this nonmagnetic part, as well as the magnetic one, in
(T>wy/a) and lhxaT/wl at low temperatures T considering the depairing effect by Ni in the high-
<wyla), then 1f, takes a maximum value aff cuprates® Thus, one can expect that a moderately strong,
=wyla éFL:wN)- nonmagnetic scattering of Ni is a promising origin ©f

In Figs. 4b) and 4d), 1/7; of %Cu(2) and of®*Cu(1)  SuPPression. _
takes a maximum at about 60 K and 1020 K, respectively, N conclusion, the Cu NQR experiment demonstrated that
which can be associated with the maximumTat wy/a. both Cul) and Cu2) nuclear spin-lattice relaxations in

: ; ; _ 2 YBa,Cu; _,Ni,O;_ s are affected by Ni doping, that is, the
:s;u;négagtﬁfzﬁo': ingzah/:alf Xf%t:og&1)4; SI_JL\I% kKB-ZIfd d_oped Ni impurities are substituted for both(Cuand CuiZ)_
I =315 MHz for Cu2) at T=60 K, one obtaingJN| sites. Qne of the reasons for Fhe smal.l dgcreas‘écdjy.l\.ll
=0.5Vhwy/ mkgT=0.003 for Cf1) and=0.0014 for C((2). dopl_ng in YBaCu07_5 1 partial sub_st|tut|on of th? Ni im-
From a typical value oNg= 1.5 stategtV spin direction, purities fo_r the _chaln site. In the light of 'ghe N|-|nd_uced
13 is 1.9 meV for C1) and 0.94 meV for C(2). The actual nuclear splln—lattlce reIaxauqn, the host(@).;spm quctuatlor)
maximum of 1#; takes place in the superconducting :state.Sp.eCtrum n YBQC.%O?*ﬁ with optimal oxygen content is
Thus, replacing the Korringa terkpT by a d-wave gapped quite robust for Ni doping.
term KgT(KgT/Aman? [2A max=8kg T (Ref. 43], one esti- We would like to thank Professor M. Matsumura, Profes-
mates JNg|=0.009 and thefd|=5.8 meV for Ci2) (iftak-  sor H. Yamagata, and Professor K. Mizuno for helpful dis-
ing into account the effect of the antiferromagnetic spin cor-cussions. This work was supported by the New Energy and
relation, one gets a smallgl|). The estimated magnitude of Industrial Technology Development OrganizatiGdEDO)
|J| is smaller than the in-plane exchange interactiyp.,;/  as Collaborative Research and Development of Fundamental
=11-31 meV of LaNiO,, 5,** |Jc,.c/=150 meV of Technologies for Superconductivity Applications.
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5n the d,2_,2-wave superconductivity, when both the nonmag-

netic and magnetic impurity scatterings by Ni impurities are
taken into account within &matrix approximation, we find

_ Xplane[ _l 1 + 1
4kBNF[ 2 1+(')’n7')’m)2 1+(7n+7m)2

AT,

Here, vy, and y,,, respectively, describe the depairing effects
originating from nonmagnetic and magnetic parts of the mag-
netic impurities:y,,= wNgu and y,,= mNgJS, whereu is a non-
magnetic potential strength of Ni. We briefly mention that
does not appear equation above in the case of the isotropic
s-wave superconductivity because of Anderson’s theorem.
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