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1F NMR spectra and spin-lattice relaxation rates have been measured on two powdeCHOBa
samples. The results combined with our neutron powder-diffraction[datsl. Abakumovet al, Phys. Rev.
Lett. 80, 385(1998] confirm that fluorine atoms can be successfully incorporated in the lattice of supercon-
ducting Hg-1201 phase in the nonstoichiometric O3 site. Partial occupation of another oxygen position by
fluorine atoms reveals to be possible with the increase of F content. The temperature dependenc¢&of the
NMR linewidth reveals the crossover at 35 K in the magnetic-flux line structure between the low-temperature
latticelike regime and high-temperature “melted” regime. For th€, tlemperature dependence a maximum
has been found at 65 K indicating the strong influence of magnetic-flux line motion olEhepin-lattice
relaxation rate.

TheT, values of HgBaCuGQ, . 5 (Hg-1200 superconduct-  1F and with 0.3 XeF at 200 °C for the sample 2F. Sample
ors can be easily varied over a wide ran@®m strongly  2F has been prepared under stronger fluorination conditions
underdoped to optimally doped or even a highly overdopecnd exhibits a slightly reducefi,=96 K and smaller lattice
nonsuperconducting statby insertion of 3" or F~ anions parameter§a=3.8825(3) A ,c=9.510(1) A] in compari-
in the Hg layer. The maximurii; values for oxygenated and son with those for the sample IF.=97 K, a=3.8828(4)
fluorinated Hg-1201 are exactly the sa® K), while the A ¢=9.523(1) A]. Thus we can assume that the fluorine
amount of inserted fluorinesg = 0.24) is twice that of oxy- content in the sample 2F is higher than in the sample 1F
gen (6o=0.12) and this supports a simple ionic doping although we have no direct measure of the fluorine content in
model* This cation replacement does not affect significantlythese samples. All samples were single phase compounds as
the Hg-1201 structure and therefoté nuclei provide an characterized by x-ray powder-diffraction technique; sample
excellent microscopic NMR probe of the magnetic-flux line 2F was characterized also by neutron powder diffraction
(FL) behavior as well as structural peculiarities of the fluori-(NPD).
nated Hg-1201 superconductors due to their high NMR sen- The T. values were determined by ac magnetization
sitivity and the absence of an electric quadrupole momenimeasurementsThe 1°F NMR experiments were performed
We present here an unambiguous evidence flSMNMR  at magnetic field of 7.01 T in the temperature range of 4.2—
that fluorine atoms are successfully incorporated in the su300 K. The 1% NMR spectra were obtained by the Fourier
perconducting matrix of Hg-1201. Our results evidently transform of the echo signal afterr(2— 7) pulse sequence
show the efficiency of'*F NMR probe to investigate the using simple four-phase cycling technique. The fluorine
phase diagram of the vortex state in high-superconduct- nuclear spin-lattice relaxation rate was measured using the
ors. saturation recovery method.

Single-phase samples of HgaO, . 5 were synthesized Typical %F NMR spectra of the sample 1F measured at
from a mixture of BaCuO;, s and HgO according to the different temperatures are presented in Fig. 1. As reference
procedure described in Ref. 2, then reduced in dynamifrequencyF, we use the resonance frequency of the baFe
vacuum to the composition HgBauQ, o; (T.=61 K) deter-  nuclei with the gyromagnetic ratid®y=40.0538 MHz/T®
mined by iodometric titration. Fluorination of the reduced No measurable shift has been found with respect to the ref-
Hg-1201 sample was carried out using Xefs the fluorinat-  erence frequency,. Similar absence of thé% shift has
ing agent. Details of the synthesis are described in Ref. lbeen reported by Warit al* for fluorinated YBaCu,Og and
For our measurements we used two powder BgB&,F, reflects the quasi-two-dimension@D) character of super-
sampleghereafter sample 1F and sample pFepared under conductivity in the layered cuprates with an extremely low
different conditions: with 0.1 Xefat 150 °C for the sample density of charge carriers outside the Gu@yers. The spec-
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twice amount of anion in the O3 site in comparison with an
oxygenated sample with the sarfig,* but NPD could not
10K distinguish O and F due to their close scattering lengths.
However, combined with the NMR result it reveals that F is
inserted in the O3 position which was almost empty in the
Intensity initial reduced Hg-1201 phase and has the occupation num-
(arb.units) ber 0.24 in the sample 2F.

The remarkable feature of the observé® linewidth
temperature dependence is the existence of the well pro-
nounced crossover for both samples at aliqut=35 K. The
similar crossover has been observed f8Y and °F in
YBa,CuOg:F? %Y in YBa,CuOg'® %Y in
YBa,Cw,0;_ 5,° and *°F in YBa,CuOg 7 »,2* and was at-
tributed to flux line(FL) motion. Following the simplified
approach developed thet®r detailed analysis see Ref.)25
the free induction decayFID) in the presence of random
Brownian motion is given by

(F-F) (kHz) s(t)=exp{— y*(ABZ ) 72-[exp(—t/ 7o) — 1+1/7¢]}.

1
FIG. 1. *F NMR spectra of the sample 1F measured at different W
temperatures. Inset: example of the fitting of the half echo intensity Here 7. is the characteristic correlation time of FL mo-
decay by Eq(1) in the sample 2Ksee text tion; (ABZ,) is the second moment of the magnetic-field
distribution in the rigid FL lattice:( ABZ, (T))~[Av%(T)
tra of both HgBaCuO,F, compounds exhibit a single line —A»*(300)]. To extract ther; values the NMR spectra
without additional peaks and shoulders which yields the adWere fitted in Refs. 6-9 by the Fourier transform of the ex-
ditional proof that our samples contain only the single flu-Pression(1). In order to minimize the data manipulation er-
orinated phase. The spectral linewidths at half maximum  "ors we used Eq(1) directly to fit the half echo intensity
vs temperature are plotted in Fig. 2. Both samples shoWl€cay in the time domaifsee the inset in Fig.)lassuming
nearly the samd »(T) dependence in the whole temperaturethe tenlperature ~dependence  df v (T)=Avg (0)[1
range 10—300 K. Abov&. the linewidth is almost tempera- — (T/Tc)"] as predicted by the London two-fluid model. The
ture independentA »=30 kHz at 100 K and\ »=20 kHz at resu'l'unga-c valpes as a function qf temperature are plotted in
300 K which is close to the values recently obtained bythe inset of Fig. 2. Corresponding to the crossover on the
Gorenet al’® in a series of YBgC0,F, compounds. Below linewidth the temperature depgndengeT) also exhibits the
T. the spectra exhibit rapid broadening with decreasing tem¢l€ar crossover af ;=35 K. It is well known that theB-T
perature. Such a behavior is characteristic for NMR spectr@nase diagram of the superconducting state in the Tigh-
in the mixed phase of type-Il superconductors where the lin€uPrates is rather complicated due to the interplay of three
broadening belowl is caused by an inhomogeneous distri- ENergies which Qetermlne the state of_ the f_qu0|d lattice,
bution of the magnetic field in the flux-line lattice. This re- Namely the elastic energy of the fluxoid latticeld), the
sult is clear and direct evidence that fluorine atoms are sud2inning energy Up), and the thermal energyg=kgT).
cessfully incorporated in the superconducting matrix of Hg-At low temperatures wherély=(U,,U,) the fluxoids are

1201. The NPD data gave us only indirect support showingonsidered to be in the latticelike state with the translational
order over a certain range. The thermal enddgyincreases

with T and reache&), at temperaturd 4, where depinning

(kHz) - of the latticelike fluxoids occurs. Finally, at temperatures
160[- “("0”% . aboveT,,, Ut exceedd)+ U, and fluxoids are in the liquid
1400 0.4 . state. For lowF . supercqnd_ucto_rs with str_ong flux pinning
120k 0'3 such as [\IbSn, the dep|_nn|ng Ilnél'dp(H) is close to the
100l ' . melting _ line T,(H), while fo_r h_|gh—TC_ super_conduct_or_s

02 . . Tap(H) is below T, (H) and coincides with the irreversibil-
80r 0.1 et ity line T;,;(H).1*!2 Since the NMR linewidth depends on
60 v 0 20 40 60 80 the second momerABZ, ) of the magnetic-field distribu-
40t e - TAK) tion it is strongly affected by the melting of the FL lattice but
20y hodF Y not so much by its depinning. Therefore the observed cross-

ol . s s s s - over atT=35 K on linewidth and correlation time tempera-
0 50 1°§em 150 20|°:) 250 300 ture dependences is related to the melting temperdtyre

This temperature is, however, not far abdyg for Hg-1201
FIG. 2. Temperature dependences'& NMR linewidths for ~ Which is about 28—30 K at the magnetic field of our experi-

the samples HgB&UQ,F, . Inset: correlation timer, of magnetic ~ment H=7 T).b

FL motion extracted from half echo decay by fitting to EL).in the The typical 1°F magnetization recovery curve after satu-

time domain(see text ration sequence for the sample 1F with the lower fluorine



14 372 BRIEF REPORTS PRB 61

16 Intensity (arb. units) ]
= i
i
1 L — 001 . . . b . .
10-3 0.01 0.1 1 10 100 0 20 40 60 80 100 120 140 160

Temperature (K)

FIG. 4. Temperature dependence’® NMR spin-lattice relax-
ation rates for HgB#CuQ,F, sample 1F. The solid line is just a
guide for eye.

gives Eq.(2) with n=0.51° The relaxation via uncontrolled
magnetic impurities can be ruled out since then one could
expect the stretched exponential recovery also'fddg nu-
clei which has not been observed in the experiment. The
direct dipolar °F-'°F interaction cannot be the reason as
08 o001 01 1 10 100 well because of low values of the nuclear dipolar magnetic
: fields. The possible mechanism might be the transferred hy-
time delay © (sec) perfine interactiof? of '°F nuclei with Cu electronic spins
FIG. 3. 1% magnetization recovery curve measured at 90 K forvia the path:**F-Hg-O2apica)-Cu. This interaction is ex-
different HgBQCUO4Fx Samp|es(a) Samp|e 1F: stretched exponen- peCted to be iSOtI’OpiC Wh|Ch COinCideS W|th the Observed
tial fit (solid line), single exponential fitdashed ling (b) sample ~ Symmetric*F NMR line shape. Since the exchange interac-
2F: double exponential fisolid line), single exponential fitdashed

line). Intensity (arb.units)

0.0 e i no.1F

content is presented in Fig(a88. As seen from this figure, an 0.84 sample no.2F =

attempt to fit the recovery curve by the single exponential
function gives a systematic deviation from the experimental

points. We found that for the sample 1F in the whole tem- 0.4-
perature range 10—300 K the echo intenditis perfectly

described by the stretched exponential dependence:

0.0 T T T T T T T T T T

| sample no.1F
0.8-

I=A—B-exp(—7/T))", (2

where T, is the spin-lattice relaxation timez is the time
delay between the saturation sequence and the spin-echo se-
quence. The values of the parametewere close to 0.5 0.4
varying in the narrow range of 0.45-0.57 for all temperature
points. In order to avoid an additional degree of freedom in
the T, determination we fixed the value=0.5 in the fitting 0.0 — 7
procedure. The stretched exponential functi@ with n ] sample no.O

=0.5 is a particular case of Kohlrausch’s anomalous relax- 0.8
ation law | ~exgd — (t/7)#] (0<B<1) and is widely used in

the description of relaxation processes in disordered systems

like glassegsee Refs. 15 and 16, for instancRecently, the 0.4+

stretched exponential recovery has been observed for the

copper quadrupole relaxation in;8¢u,,0,4; (Ref. 17 and in 0.0 o .
PrBaCu;0; (Ref. 18 indicating a spatial charge fluctuation 16 18 20 22 24 26

in these materials. In general, the origin of the stretched ex-
ponential relaxation is the spatial distribution of relaxation
rates of different nuclei which gives EQ) after averaging FIG. 5. Copper NQR spectra of HgR2uO,F, [samples 2Rup-
over the space. For instance, this can be due to the dipolgen, 1F (middle)], and HgBaCuO, ;5 (bottom) measured at 4.2 K.
interaction with a small amount of paramagnetic impurity Gaussian fit for each Cu isotope and the resulting best fit are shown
atoms statistically distributed over the host lattice, whichby solid lines.

Frequency (MHz)
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tion path for each'®F nucleus strongly depends on the occu-exponential function with one order of magnitude difference
pation of the O3 positions in four neighboring Hg-Hg between the rates of fast and slow relaxation components for
meshes the hyperfine interaction constant is statistically dishe sample 2F. This yields the evidence that at higher doping
tributed over the O3 sites in the Hg-1201 matrix. This distri-'lével a part of fluorine atoms occupies another oxygen posi-
bution is also reflected in the Lorentzian line shape'%¥ tion _an_d exhibits a fast m_JcIear _spln-!att_lce relgxauon due to
NMR spectra(see Fig. 1 proximity to the copper site. This cm_nudeg with the obser-
The resulting temperature dependence of the spin-latticéation of the second pair of copper lines in the NQR spec-
relaxation rateR,(T) for the sample 1F is shown in Fig. 4. trum of the sample 2F whereas in the sample 1F we observed
The experimental'®F spin-lattice relaxation rate exhibits ONIY one pair of Cu NQR linegFig. 5 which is similar to
several interesting features. First, the influence on the that for the optimally oxygen doped HgBauO, 13 sample
spin-lattice relaxation is not so strong as for other nuclei inVithout fluorine (sample Q previously studied by NQR
high-T, superconductors. This coincides with the negligible(R€f- 22 and NMR(Ref. 23 (sample 5 in Refs. 22 and £3
Knight shift of the 9F NMR line and can be attributed to the (Fig- 5. We can suppose that like an occupation of the O3
low density of charge carriers in the O3 position of the ngo§|t|on th.e substltut!on of F for an_other.O S|Fe occurs sta-
layers. Second, the existence of the maximum at arouant}ca}Ily W|th.out forming macroscopic regions in the lattice.
T,.=65 K has been observed on thel Ltemperature de- This is 'cor.1f|rmed by the absence of any klnk on the ac-
pendence for the sample 1F and on both, omponents for magnetization cur\?ewhlch appears usually in the case of
the sample 2F. Earlier a similar behavior of tRe(T) de- macroscoplc_phase mlxtu.re. . .
pendence was observed in Y-124 and HgBzO, . 5 ori- In conclusion, the apphcatlon ofF NMR to fluorinated
ented powder samples f6PY, 1°F, and1°Hg nuclef®4as HgBaCuQy, 5 cqmpounds co_nflrms that fluorine atoms can
well as for *H in organic superconductdfsand was attrib- be successfully |_ncorporated in the Iatt|_ce of su_percond_uctmg
uted there to the influence of the thermal fluctuations of thé—|g—12_01 phase in the nonst0|ch|.o_metr|c 03 site. Pariial oc-
flux lines on the nuclear spin-lattice relaxation. It should pecupation of anoth.er Oxygen position by fluorine atoms ap-
noted that in the vicinity ofT. this influence becomes less pears t_o be lgossmle \.N'th the increase Of. F conten_t. Sharp
effective due to the process of transformation of the 2D pan2OWing of “F NMR line above 35 K manifests melting of

cake vortices to the conventional Abrikosov lines when thethe fluxoid lattice.
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