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Cu(2) nuclear resonance evidence for a magnetic phase in aged 60-K superconductors
RBa2CU306+X (R=Tm, Y)
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It is widely believed that the long-range antiferromagnetic order inRBe,Cu;Og., compounds R=Y
and rare earths except for Ce, Pr,)Tib totally suppressed for the oxygen index 0.4 (antiferromagnetic
insulator-metal transition We present the results of the copper nuclear quadrupole resonance/NMR studies of
agedRB&a,Cu;04, , (R=Tm,Y) samples showing that a magnetic order can still be present at oxygen contents
X up to at least 0.7 and at temperatures as high as T8#&L63-182808)08717-7

. INTRODUCTION NMR of thulium in oxygen-deficient TmB&u;Og. 4
compoundg,we have discovered the wide and subtle absorp-
An enormous number of papers, both experimental andgion line (Fig. 1) that looked like the copper NMR line but
theoretical, is devoted to the NMR and nuclear quadrupoleould not have been attributed to the mentioned2Cand
resonance(NQR) studies of copper in superconducting Cu(1) centers withvg~25-32 MHz andH;,=0. We con-
YBa,CuyOg,  layered cuprates. It is well known that in non- sequently undertook experiments with TmBagOg,
superconducting material<0.4) nuclei of copper located samplesx=0.51, 0.6, 0.Yin zero external field af =4.2 K,
in the CuQ planes experience the influence of a strong in-which allowed us to observe a Q) ZFNMR spectrum com-
ternal magnetic fieldH;,,~ 80 kOe, which is perpendicular to pletely different from those described in the literature. The
the ¢ axis, and that in superconductorsX0.4) such field is  results of these experiments are presented in this paper. The
absent and®®®%Cu(2) nuclei with the spin =3 give typical  analysis of C(2) spectra of both types corresponding to
NQR spectra at frequencies of~25-32 MHz, i.e., in the H;#0 (type |, vzpyvr=55-135 MH2 and H;;=0 (type
same frequency range as that for NQR spectra of two-foldl, vq~25-32 MH2 shows that each of them belongs to
coordinated “chain” copper®5Cu(1).! While studying two varieties of C(2) centersA andB, possessing different
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Cu(2) and Cu(1), NQR
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FIG. 1. Tm and C() NMR spectra of the aligned Tm6x
powders withx=0.51 (triangles, 0.6 (light circles, 0.7 (squaresat
a freguency of 70.MHz i_n an external field p_erpendicular to the i ©) Cu(1) NQR
¢ axis. Cy2) NMR is particularly pronounced in the saturated spec-
trum of Tm6.6(black circles taken at a pulse sequence repetition
rate of =100 Hz. Inset: ac diamagnetic susceptibility of T
at liquid helium temperaturdéfrequency of 1 kHz, k=1 Oe); , ‘ ‘ . . . . .
circles: for 1-year-aged sampléRef. 2, crosses: for 6-years-aged 25 26 27 28 29 30 31 32
samples. Frequency (MHz)

. . . FIG. 2. Copper NQR spectra of Tm6.6 at a temperature of 4.2
NQR frequencies and tha, and B, centers differ much in . (a) nonsaturated Qd) and Cu2) spectra(F=1 H2), (b) satu-

the value of H;,,. Similar results are obtained for one ;.4 Ci1), and Cu2) spectraF=200 H3, (c) ratio of the nonsat-
YBa,Cug0 66 SAMple? urated to saturated echo intensifd) Cu(2) NQR spectrum,(e)
Cu(1) NQR spectrum. Solid line ifd) is an approximation by four
Il. EXPERIMENT Gaussiangfor parameters see Tablg |

The TmB3CU;05.,x samples used in these experimentsyq_nmn spectrum can be described by a sum of four Gaus-
werec -axis-oriented powders mixed with paraffimereafter sians(two sites,A, andB,, times two isotopes®Cu and

denoted j‘_ss;_rmlie xf).hThey were pre(:jviously used for Tm 65 ‘the amounts oA, andB, sites appearing in a ratio of
NMR studies. All of them were stored at room temperature o,y imately 2:1 independent of the oxygen indexThe

forona;LTost 6 years after preparation. Critical temperatures,,ameters of the spectra taken with a fixed pulse separation
(T¢™™"=53, 61, and 64 K fox=0.51, 0.6, and 0.7, reSpec- {ime += 25 45 are given in Table | for three samples studied.
tively) were obtained from measurements of thg d|amagnet|c The Cu2) ZFNMR (type ) spectra taken at 4.2 K with a
susceptibility at a frequency of 1 kHz. Home-built spin-echog;yqq pulse separation time=33 us are shown in Fig. 3. A
NQR spectrometers were used for the(BUNQR and  gimjjar spectrum was observed in Tm6.6 at a temperature of

ZFNMR measurements. Examples of the copper NQR spec;7 [shown by filled squares in Fig.(8]. It should be
tra in Tm6.6 are shown in Fig. 2. Comparing the nonsat-

urated and saturated spedtfags. 2a) and Zb)] taken at 4.2
K with pulse sequence repetition rates of 1 and 200 Hz
respectively, one can distinguish two contributions with dif-
ferent spin-lattice relaxation timég [Fig. 2(c)] and separate
them([Figs. 4d) and Ze)] by using a simple subtraction pro- Sample
cedure. Two narrow lines in Fig.(@ corresponding to the

TABLE I. Parameters of thé€3Cu(2) NQR spectratype II) in
Tm6+ x samples at £4.2 K (with no corrections for the frequency
dependence and for the spin-spin relaxation tifgg

Site %35 (MHz)  Full rms width(MHz)  Intensity

long T, time are believed to originate from the two-fold Tmé.51 A 29.442) 1.353) 0.651)
coordinated C(L), sites that belong to “empty chains” sur- By 26.766) 1.174) 0.354)
rounded by “full chains” in the CuQ plane.l The broad Tmé6.6 A, 29.692) 1.754) 0.691)
spectrum in Fig. @) characterized by the shoiit; has a B, 27.016) 1.464) 0.31(4)
two-hump shape typical for the @) NQR spectrum of an Tme.7 A, 30.363) 2.026) 0.691)
annealed sampl”eln the following it is denoted as the spec- By 27.396) 1.799) 0.322)

trum of type Il. Computer simulations have shown that this:
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FIG. 3. CU2) ZFNMR spectra of(a) Tm6.51, (b) Tm6.6, (c)

Tm§.7, and(d) Y6.66 at a temperatur_e of 4.2 K. Black squares in Tm6.51, (b) Tm6.6, () Tm6.7, and(d) Y6.66 obtained from the
(b) is the spectrum aT=77 K multiplied by a factor of 10. The experimental spectra of Fig. 3 as a superposition of six Gaussians:
YBa,Cl:05,65 Sample was stored at room temperature for 3 yearsyy jineg F(v)—taking into account the*-type dependence of
after preparation. the spin-echo intensities and the losses of signal intensities due to

. . spin-spin relaxation, dotted lines, ¥ v)—taking into account the
noted here that in our experiments the well pronounced speG2_gependence onlffor details see text The integrated intensities

tra of type | were observed only in those Tm and Y COM-of the S, and S, spectra depicted by solid lines are normalized by
pounds that exhibited well-pronounced two-hump spectra ofne intensity of the C2) ZFNMR spectrum of the 1 gram
type Il [Fig. 2d)]. An obvious downfall of the spectral in- TmBa,Cu,0; , sample a =4.2 K. For convenience of comparison,
tensity at around 98 MHz that looks particularly pronouncedthe ZFNMR spin-echo intensities are multiplied by a factor of 15.
at x=0.7 clearly shows that the ZFNMR spectrum is also
composed of two contributions: those are the low-frequencyent by the corresponding factor €@/ T,)"]; (iii) summa-
fragment(LFF) at 55—-98 MHz and the high-frequency frag- tion of the corrected Gaussian ling8;) »? correction. The
ment(HFF) at 98—135 MHz. resulting spectra are shown by solid lines in Fig. 4. The
In order to estimate the integrated intensiti§sandS,, , results of the best fit for the Tm6.51 and Tm6.6 samples
of the ZFNMR (type ) and NQR(type Il) spectra, we have show the LFF and HFF intensities to be in a rati®:1,
corrected them according to the spin-spin relaxation tifies  which allows us to ascribe them, in analogy with the above
measured at the main peaks of the spectra. All spin-echtype Il spectrum, to thé, andB, sites, respectively. In Table
decays measured at 4.2 K have been found to obey the foll, the partial ratiosS,,/Sg; and S, /Sg), for spectral inten-
lowing formula: A,,/Aqg=exd —(27T,)"]. In the series of sities of theA and B sites are given along with the ratio
Tm compounds, the longe$t, times were measured for the S, /S,. The absolute values of the signal intensities per 1
Tm6.6 sampleT,=72, 64, 119, 75, 43, and 54s at fre- gram of material S, and S;;, shown in the last column of
guencies of 62, 74, 87, 109, 116, and 124 MHz, respectivelyTable Il, are normalized to the intensity of the “ordinary”
the values oin were found to lie in the range 0.7-0.9. Be- Cu(2) ZFNMR spectrum of the TmB&u;Og ; antiferromag-
cause of the broad frequency range the echo intensity haset as observed dt=4.2 K in the frequency range from 61
also been corrected by a factef, one factorv due to the to 123 MHz.
nuclear magnetization, the other one due to the precession As can be seen from the last column of Table Il, the
frequency of the nuclear magnetization. The-correction volume fraction of the material contributing to the total
procedure consisted of four stefs:fitting the experimental Cu(2) resonance absorption varies from sample to sample
Cu(2) spectra by a superposition of Gaussiaddor type |  being equal to 1.00, 0.58, and 0.83 in Tm6.51, Tm6.6, and
and 4 for type IJ; (i) multiplying intensity of each compo- Tme6.7, respectively, as compared to Tm6.1. Since th@Cu

FIG. 4. Calculated C2) NQR and ZFNMR spectra ofa)



57 Cu(2) NUCLEAR RESONANCE EVIDENCE F@®.. .. 11795

TABLE Il. Intensities of the C(2) spectra in Tmé-x (x=0.51, 0.6, 0.Yand Y6.66 at F4.2 K.

ZFNMR NQR NQR/ZFNMR
Sample Sai/Sgi Sai/Sgy Si/S
Lorentzian Gaussian Gaussian Gaussian Gaussian
approximation approximation approximation approximation approximation
with the T, with the T, with no T, with the T, with the T,
corrections corrections corrections corrections corrections
Tm6.51 1.63) 1.6(4) 1.8(2) 1.8(6) 0.791/0.20%3.8(1.3
Tm6.6 2.42) 2.05) 2.22) 2.07) 0.424/0.154-2.8(9)
Tm6.7 3.711.2 2.12) 2.509) 0.725/0.1047(2)
Y6.66 3.31.2 2.69) 3.81.3 3.711.3
ZFNMR spectrum is certainly produced by a nonsupercon- “ 9 free”,

ductor, the question arises: What part of the(ZJUNQR
signal intensity can be attributed to the superconducting frac- A -sites, v=55-98 MHz, intensityS,,=62(6)%, (1)
tion? To answer this question, we have remeasured the ac

diamagnetic susceptibility of the Tm6x samples x= 0=82(4)°, H=63.93) kOe, vq=31(2) MHz,
0.51-1.0% at a temperature of 4.2 K. The results of the

measurementgsee inset in Fig. Jlclearly show that the su- B-sites, »v=98-127 MHz; intensity Sg;=38(3)%,
perconducting fraction decreases with aging titméth no

changes irT.), the tendency being most pronounced for the ~ 0=64(1)°, Hin=97.12) kOe, vo=252) MHz, (2)
60-K superconductors, and that the superconducting fraction
of the 6-year-old samples under study is quite small, i.e.,
0.05, 0.05, and 0.15 for Tm6.51, Tm6.6, and Tm6.7, respec-
tively. Comparing the latter quantities with the @uNQR
signal intensitie0.79, 0.42, and 0.73, respectivglpne ar-
rives at the conclusion that at least a part of thd2Lab-
sorption observed at 4.2 K definitely originates from the non-
superconducting material. This conclusion is also supported
by the fact that in one of the samples studied, YB&0g ¢,
which was prepared quite recently, we did not observe a
two-hump NQR, nor a ZFNMR spectrumn.

linewidth FWHM=4.4(4) MHz.

[ll. DISCUSSION

In order to clarify the origin of the LFF and HFF spectra,
we have tried to fit the Q@) ZFNMR in a correct way
assuming that thé\, and B, sites can be characterized by
different values ofvg, Hiy, andé (angle betwee ;,; and
the c axis). Prior to fitting the experimental spectfgig. 3
have been T, corrected by the function f(v)
=Fo(v)/F,(v), where F,(v) is the ZFNMR spectrum
shown in Fig. 4 by a dotted line, arkey(v) is the spectrum
represented by a solid line. The spectra of Tm6.51 and
Tm6.6 corrected in this way are shown in Fig. 5. The fitting
procedure included numeric diagonalization of the two
Hamiltonians and calculation of all the transitions probabili- . . . . ,

. 2 . 80 100 120 140
ties (~v°). When calculating averaged values of the prob-
abilities in oriented powdered samples, we have taken an

orientation of a radiofrequency field with respect to the FIG. 5. Cu2) ZFNMR spectra of(@) Tm6.51 and(b) Tm6.6
axis into accounti; 1 c). In all the cases considered, the gpiained from the experimental spectra of Fig) and 3b) by
Lorentzian shape of an individual resonance line was founghking into account the losses of signal intensities due to spin-spin
to fit the experimental data much better than the Gaussiapaxation(for details see text Solid lines in(a) and (b) represent
one. Two versions of the fit have been considered. When thge results of the numerical diagonalization of the two Hamiltonians
anglesé were allowed to be free, the best fit of the(@u  with the parameters given in Eggl)—(4); solid line in (c) repre-
ZFNMR spectrum of Tm6.51 was obtained at the following sents the spectrum of Tm6.6 calculated with the parameters given in
parameter$see solid line in Fig. &)]: Egs.(5) and(6).

Spin echo intensity
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The corresponding parameters for the Tm6.6 sample have
been obtained as follow$ig. 5(b)]:

A, -sites, v=55-98 MHz, S,=66(4)%,

€
0=83(3)°, H;y=64.12) kOe, vo=30(1) MHz,
B,-sites, v=98-127 MHZ> Sg,=34(2)%,
9=63.55)°, Hix=97.61) kOe, vo=27(1) MHz,
4

FWHM=4.4(3) MHz.

In the second versiond=90°) both internal fields were as-
sumed to lie in theb plane. The results of this fit for Tm6.6
are as followdsee solid line in Fig. &)]:

18a

“9=90°"*,

A,-sites, v=55—-98 MHz, intensityS,,=66(6)%, (5)

Hint: 64 kOé, VQZSO MHZ*,
FIG. 6. Plausible stripe patterns in tk@ optimally doped] p

B/-sites, v=98-135 MHz, S5;=34(3)%, = ¢ hole per Ci2)] and(b) underdoped §=3) CuQ, planes. Cop-
per atoms carrying magnetic moments of opposite orientations are
Hine=103 kO# , VQ:15-:{7) MHz, (6) shown by big light and black circles, those carrying no magnetic
moments are shown by small circles, solid lines mark the centers of
FWHM=4.84) MHz the nonmagneti¢hatched and magneti¢nonhatcheystripes. The

(* denotes the fixed parameterdhe second fit seems to pe_rlod of 18 lattice spacings of the magnetic superstructute)iis
twice as large as the period of the charge pattern.

agree with experiment worse than the first one, but this can
?he d_llfe o mc:;rrect mtegsmesvsf tEGIHFF ltlr?ets oltefrl]uced from >3 compounds. The thorough studies of the neutron scatter-
€ 'rcorrection procedure. We believe that at Ine presery g in YBa,CuOg s (Refs. 10—13 have resulted in a recent

stage both versiqns can be considered sa’gisfactory; MOre €xpservatio®® of incommensurate magnetic fluctuations
perimental work is needed to make a choice between them.

In both cases the G2) NMR line in Fig. 1 has been identi- Peaked atQ=(3=4, 3= 4) with §=0.057+0.006 r.L.u. It

fied as originating from two groups o, lines (at 58—63 Was also found that the dynamical susceptibi§ty(q,w) at

MHz and 74—79 MHx the incommensurate positions first appears at temperatures
Then summarizing all experimental facts, one shouldsomewhat abové. and then increases on cooling beldw,

adopt that at least a part of the two-hump NQR spectrum@ltogether with the suppression of magnetic fluctuations at

which is supposed to be typical for the annealed 123 supe,the commensurate points. These observatloni, look similar to

conductors with highf'.s, and the ZFNMR spectrum, which those for the Las,Ndq ;SK,CuO, compounds™*®and thus

is observed in the 60 K superconductors exhibiting a well-can be considered as giving evidence for a formation of a

pronounced two-hump NQR, are actually representing a noristatic (or quasistatig stripe pattern in the Cuglayers. The

superconducting material. In what follows, we try to specu-layer-by-layer separation scenario seems to be inconsistent

late about the plausible structure of this material. It is knownWith such a stripe model. On the contrary, the stripelike

that a structural(chemical microphase separation takes modulation of charge and spin densities in Gu@yers re-

place in the oxygen-deficient 123 superconductdrs. sulting in an inequivalency of G@) sites looks very likely.

Therefore, one could naturally expect to find the defects ofndeed, analyzing the data of Table II, one can conclude that

the crystal lattice in the form of layerseflecting the basic there could exist a certain value &f;, (close to 0.6 that

property of the layered structure itselind, following this ~ corresponds to the following relations:

way, could associate the two types of(@uspectra with two

different nonsuperconducting microphases, i.e., hole doped Sai/Sei=2, Smi/Sen=2, Si/S=2. @)

(type 1l) and nondopedtype ) Iayezrs, forming some kind of  Thege relations can be understood in the frame of the charge
On the other hand, the  gipe model suggested in Ref. 16. A plausible stripe pattern

stacking sequence along theaxis:
coincidence of the/g values[see Eqs(1)—(4) and Table ] orresponding to the optimally doped Cuplanes ¢ hole

in the two absolutely different phases lead us to consider that NS N )
both types of C(2) spectra might originate from the same PEr CUQ unit) is shown in Fig. €). If one takes every third
CuO, layers(bilayers. stripe away[Fig. 6(b)], the hole concentratiop becomes

To make a choice between these two scenarios, onés) ()= 5.According to the empirical formulp=0.187
should use the neutron-scattering data which gives a direct 0.21(1—x), suggested by Talloet all’ for x=0.45, the
information on a magnetic structure of the oxygen-deficienconcentratiorp= 5 corresponds ta= 0.64, which is close to
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what is expected for Eq7) to hold. The magnetic super- between the Ortholll ordering of CyQayers atx> Xy, and
structure shown in Fig.(6) has a period of 18 lattice spac- an appropriate hole doping of Cy@yers (= 2 per CuQ at

ings. This period and the diagonal directiph10] of the X<Xpin). Experiments with an YB£u;Og 77 Single crystal®
stripes in Fig. 60) exactly corresponds to the incommensu- have shown that the Ortholll phase is stable at temperatures
rate magnetic fluctuations observed in %¥B&Os¢:™> the  below 75 °C. Therefore, the interactions responsible for the
model in Fig. §b) predicts incommensurate peaks @  formation of the Ortholll phase seem to be rather weak and
=(3+ 6,3+ 6) with 5=+=0.0556. In this stripe pattern, it can be easily disturbed by thermally-activated oxygen diffu-
is easy to distinguish four different (@) sites which could sion. This feature of the X-phase diagram allows us to
be identified as sites, (at borders of magnetic stripgs8,  understand why the G ZFNMR was observed in our ex-

(at centers of magnetic stripes\, (at borders of nonmag- Periments only in those 123 superconductors that were sub-

netic stripey B, (at centers of nonmagnetic stripedn al-  jected to a very long-term room-temperature annealing.
ternative possibility is to ascribe thgy, sites to copper atoms
located at outer borders of the nonmagnetic bi-stripes allow- IV. CONCLUSIONS

ing the A, sites to occupy four lines of coppers inside the
bi-stripes. In any case, however, one has a problem to ex- The Cu2) nuclear resonance spectra were studied at
plain why the transferred hyperfine field from tAg copper  liquid-helium temperatures in samples of oxygen-deficient
spins does not influence the NQR spectrum of the neighbo60-K superconductors, TmBau;Og . x and YBgCuzOg 66,
ing type-ll copper centers. Further experimental work is necstored at room temperature for a long tiffup to 6 years
essary to better understand the allocation of th€Ceenters  Cu(2) ZFNMR spectra different from those known so far
responsible for the two-hump NQR spectrum. were observed, indicating the presence of a nonsupercon-
It is known that the observation of the static stripe-phaselucting phase in the superconducting samples. The quantita-
order of holes and spins in kg ,Nd,,Sr,CuO, (Refs. tive analysis of the copper resonance absorption intensities in
14,15 has appeared possible due to pinning of the stripes bglifferent samples lead us to consider that both types ¢2)Cu
the neodymium impurities. What could be the reason forspectraZFNMR at 55—-135 MHz and at least a part of NQR
stripes to be pinned in nonstoichiometric 123 compounds@at 25—-32 MH2 might originate from the same nonsupercon-
We believe that the so-called “Ortholll” superstructure in ducting CuQ layers decorated by the pinned charge stripes.
CuQ, planes could cause pinning of charge stripes in £uO
planes since this superstructure has a periag) 8ommen-
surate with the period of the stripe pattern shown in Fig.
6(b). A possibility for the Ortholll to form a stable phase at  This work was supported in part by the Russian Scientific
x=0.65-0.77 was proved by the elect¥nx-ray and Council on Superconductivity, under Project 94029, by the
neutron-diffractioh® measurements. The above oxygen con-Russian Foundation for Basic Research, under Project 96-02-
tents appear to be shifted to higher values than tRgt)(  17058a, by the NATO Scientific and Environmental Affairs
expected for the condition Eq7) to be fulfilled. However, Division, under Grant No. HTEC.LG-950536, and by the
the value ofx,, may happen to result from an interplay INTAS, under Grant No. 96-0393.
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