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Spin gap in the normal state of Pr-doped and oxygen-deficient
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The spin-gap temperature$d) in the normal state of bulk Pr-dopé&tBa,Cu;0; (R, _Pr,BaCu0;) and
oxygen-deficienRBa,Cu;0, (R=Yb, Er, Y, Ho, Dy, Gd, Eu, Sm, and Ndre investigated. The elements on
the R sites and the distance between Guilanes are found to have no influence Bgin oxygen-deficient
RBa,Cu;0, in terms of the relationship between the superconducting temperdigyead T5. However, for
R,_,Pr,BaCu0;, Ts increases with increasing ionic size Bfsite elements for a fixed Pr concentration.
Furthermore, by comparings of oxygen-deficienRBa,Cu;0, to that ofR; _,Pr,Ba,Cu;0; at the samf ¢, it
is observed that Pr atoms doped on khsites not only reduce the carrier density and induce the spin gap, but
will also simultaneously suppreds;. [S0163-18208)05837-9

I. INTRODUCTION features of hole filling/localization and pair-breaking. This
model is based on a strong hybridization between thefPr 4
The in-plane resistivityR,,(T) of an optimally doped and O 2 orbits in the Cu@ planes’*® The magnetic inter-
RBa,Cu;0; superconductor is linear with respect to tempera-actions and localization effects resulting from hybridization
ture in the normal state. HoweveR,,(T) apparently devi- can cause a larger hopping barrier and localize the holes.
ates from thél-linear behavior below g, the temperature at An ion-size effect was observed in the experiments on the
which a spin gap opens, well aboV¥g , for the underdoped R;_,PrBaCuO; system (R=Nd, Eu, Gd, Y, Er, and
YBa,Cu;0; (Refs. 1 and and YBaCu,Og.% This phenom-  Yb).!! The results of these investigations indicate tfiat
enon indicates a suppression of carrier scattering at low tendecreases monotonically with increasing Pr concentration. In
perature. MoreovefT g increases with reduction of the dop- addition, T¢ decreases approximately linearly with increas-
ing level of an underdoped YB&u;0,;. However, the spin ing radius of theR-site ions for a fixed dopant amourt
gap does not seem to be a true energy gap and has be&uanet al. demonstrated that the antiferromagnetic ordering
referred to as a “pseudogap” or “spin pseudogap.” The temperature Ty) of the Pr ions'? the normal state resistiv-
details of the crossover atg are not clear at the moment. ity, and the Hall number oR, gPro Ba,Cus0,* are also ion-
The crossover temperatufies may be associated with the size dependent.
development of an antiferromagnetic correlation. The substitution of Pr for Y in YB#u;0O; reduces the
The problem of the oxygen deficiency in the YBa,O,  doping level and causes the Y,Pr,Ba,Cu;0; to be under-
system was studied widefyThe reduction of carrier density doped, as deduced from the hole filling/localization mecha-
is one of the main effects resulting from the oxygen defi-nism. For Y;_,Pr,BaCu0,, a deviation from thel-linear
ciency. O atoms in CuO chains are removed when the oxyresistivity behavior* is observed. TheT T) ! vs T curve,
gen content is reduced and the carrier numbers in CuOmeasured af3Cu sites in an NMR experiment, shows a
planes decrease by virtue of the reduction of holes trangpeak afl 5, well aboveT. These observations are similar to
ferred from CuO chains to Cuyplanes. Consequently, an those made in oxygen-deficient YE2u,0, samples.
oxygen-deficient YBgCuO, is underdoped and is sup- Francoiset al. studied the effects of Pr doping and oxy-
pressed. gen deficiency on the complex conductivity and scattering
Among the rare earth element-substituted isomorphicate of YBgCu,O, thin fims!® They concluded that the
YBa,Cu;O; superconductors, PrBau;O; is an exception spin-gap behaviors are completely determined by the carrier
which fails to exhibit superconductiviyThe suppression of density, as indicated by the similarity of the spin-gap tem-
the superconductivity of the Y ,PrBa,Cu;O; system is peratures at a fixedlc in both Pr-doped and oxygen-
strongly related to the Pr concentrafidrand attributed to  deficient samples. The similarity between the two types of
three possible mechanisms. The first mechanism is the filingamples also implies that the only effect of Pr ions is the
or localization of mobile holes in the conducting CuO depletion of mobile carriers in the Cy@lanes. Apparently,
planes, which assumes a-4or mixed valence state for Pr. the magnetic character of the Pr ions has no influence on
The process by which additional valence electrons fill thesuperconductivity.
holes in CuQ planes reduces the number of carriers and We believe that hybridization between Pr ions and €uO
inhibits superconductivity. The second mechanism is thelanes in PrBgCu,0; andR; _,Pr,Ba,CusO; systems is con-
pair-breaking effect with Pt acting as a strong pair- sistent with the results of many ion-size effect experiments in
breaker. The relation betweédn. and Pr concentration can R;_,Pr,BaCusO,. Furthermore, we suggest that the hybrid-
be well-fitted by the Abrikosov-Gor'koVAG) pair-breaking ization will influence the spin-gap temperature of the
theory® The third mechanism is a refined model combiningR; _,Pr,Ba,Cu;0; system.
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FIG. 1. X-ray diffraction patterns ofRyPryBaCu:0; (R

=Er, Y, Ho, Dy, Gd, E

u, and Sjreystems.

The resistivity ofR;_,Pr,BaCu;O; (R=Yb, Er, Y, Dy,
Gd, Eu, Sm, and Ndand oxygen-deficienRBa,Cu;0O, (R

=Er, Y, Ho, Dy, Gd, Eu, and Sinwas measured. Subse-
quently, Tc and Tg were determined from the resistivity
curves, in order to investigate the ion-size effect and th

influence of hybridization offg.
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FIG. 3. Electrical resistivityR(T) of Y,_,Pr,BaCu0;.

Il. EXPERIMENT

The ceramic sampleR, _,Pr,Ba,Cu;0; (R=Yb, Er, Y,
Dy, Gd, Eu, Sm, and Ndand RBa,Cu;0; (R=Er, Dy, Gd,
and Sm were prepared by a standard solid-state reaction
method andRBa,Cu;0; (R=Y, Ho, and Euy by a chemical
coprecipitation method’ Appropriate mixtures of high pu-
rity (99.999 CuO, BaCQ, Pr0;; and R,0O; were thor-
oughly mixed, ground and calcined at 850 °C, 870 °C and
890 °C for 12 h in air, and then slowly cooled in a furnace.
The powders were ground carefully before each calcined
eprocedure. Subsequently, the powders were ground again
and pressed into pellets at 400 Kgfcifihe pellets were then
sintered at a fixed temperature between 935 °C and 950 °C
for 48 h and annealed at 450 °C for 24 h in flowing oxygen.

The structure and phase purity of all samples were exam-
ined using a Rigaku Rotaflex rotating anode powder x-ray
diffractometer which uses Cia radiation with wavelength
A=1.5406 A. The x-ray diffractionXRD) patterns show
that each sample possesses the layered perovskite-like struc-

280

260

240 A

220 A

200 A

T, (K)

180 4

160 -

140

120 A

100 -

80

50 60 70 80 90

T (K)

100

YBa,Cu:O,. The temperatures noted beside the curves are the FIG. 4. T vs Tg for oxygen-deficienRBa,CuO, (R=Er, Y,
quenching temperatures.

Ho, Dy, Gd, Sm, and Busystems.



11718 S. J. LIU AND WEIYAN GUAN PRB 58

300 Yb Er Y Dy Gd Eu Sm Nd
280 + R, ,Pr,Ba,Cu;0, o Yb 270 — —————
260 b x=0.15
240 4 M Dy 240 x=0.4 x=0.3 ‘,A
220 - [ r 0 o 7
a x=0.5 K x=0.1
g 200+ 4 o A e o i oD
e 180 210 | A ]
160 - -~ . o) 3 O bva v l
140 ) IR ALV x=0.05 .
120 1 A . i
100 1 . ;¥ 4
4:'0 OG0
80 T T T T T T S N . - N R
30 40 50 60 70 80 20 100 150 o [ /;A T
Tc (K) O E ,A' ,D" ' ReRnt O
FIG. 5. T¢ vs Tg for R, _Pr,Ba,Cu;0; (R=Yb, Er, Y, Dy, Gd, [ I - S ]
Sm, Eu, and Nysystems. S o
pisy 5 R, Pr,Ba,Cu,0,
. i i 90 1 1 | 1 1
ture and contain no extra peaks, due to impurity phase, 84 87 90 93 96 99 102
within the experimental error. As an example, Fig. 1 displays .
0 Ionic size (pm)
the XRD patterns of 30%-Pr-dopd&Ba,Cu;0;.

The RBa,Cu;0, samples were heated and kept at a fixed g, 7. jonic size vsTs of R, _,Pr,BaCuO, (R=Yb, Er, Y,
temperature (the quenching temperatureT) between Dy, Gd, Sm, Eu, and Ndsystems.
480 °C and 630 °C in flowing oxygen. The samples were
then quenched after 24 h frofi, to the ambient temperature rig 3 jijustrate the resistivity curves of oxygen-deficient
by pulling them from the furnace into air to reduce their ygs,cy,0, and V;_,Pr,Ba,Cu,0;.
oxygen content. Samples with different oxygen content were T is determined from the midpoint of the superconduct-

obtained by varyingTq . Higher T corresponds to higher g transition width andr's is defined as the deviation point
resistivity in the normal state, but lower oxygen content antyf tne linear resistivity curve.

lower T . In order to ensure that the samples were not de-
stroyed by repetitive quenching procedures and resistivity
measurements, all samples were fully oxygenated again, and IIl. RESULTS AND DISCUSSION

their resistivities measured, after the experimental proce- The comparison of the spin-gap temperature of the

dures. The superconductivity and resistivity of all of theoxygen-deficienRBaZCLng with that of R, Pr,Ba,Cus0;
samples could be recovered after fully oxygenated, confirmyas made using as a carrier density indicator. This was
ing that the samples were not destroyed in the experiment@)age possible by the fact that spin-gap behaviors are largely
procedures_. . controlled by the carrier density anfl. can serve as an
The resistivity measurements, from 300 K down 10 thegtective carrier density indicator because the trend of's
zero resistivity temperature, were carried out by the standarflyia_carrier number curve is the same in the regin

four-probe met_hod with silver_paste or indium contact ON~ g0k for both Y, PrBaCwO, and oxygen-deficient
regular bars sliced from the sintered sample. Figure 2 aanaZCu3Ox.18

Figure 4 displays th&g vs T curves of oxygen-deficient
RBa,Cu;0, . The result shows that all of the samples with
b different R-site elements have similars vs T behaviors,

Er that all Tg are similar at a fixedl, and that there is no
regularity inTg due to the ionic size dR-site elements. This
result indicates that the rare earth elements orRtkites and
Eu the distance between adjacent Gyilanes have no influence
on the spin-gap temperature.

Unlike the oxygen-deficienRBa,Cu;0,, the rare earth
140 elements between the adjacent Gu@lanes in the
R;_«Pr,.BaCu0; do influence the spin-gap temperature be-
cause of the Pr substitution. The valuesTgfare quite dif-
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Tg as a function of the Pr concentration, presented in Fig.
6, increases almost linearly with increasing Pr concentration.

FIG. 6. Pr concentration v¥g for R, _,Pr,Ba,Cu;0; (R=Yb, Figure 7 displays the relationship between the ionic size of
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T, (K) systems(for example,R=Er or Y) is stronger than that in
the largeR-site ionR; _,Pr,Ba,Cu;0; systemdfor example,
FIG. 8. T¢ vs Ts for R;_,Pr,Ba,Cu;0; and oxygen-deficient R=Eu or Sm), because the distance between the adjacent
RBa,CuO, (R=Er, Y, Dy, Gd, Eu, and S systems. CuGO, planes inR;_,PrBaCu0; (R=Er or Y) is shorter
O: oxygen-deficienRBa,Cu;0,; ®: R;_,Pr,Ba,Cu0;. than that inR;_,Pr,Ba,Cu;0; (R=Eu or Sm. Thus, the
difference in Tg between oxygen-deficient and Pr-doped
whole, Tg increases with increasing ionic size for a fixed Prsamples is larger for the smaller ions at the sarge
concentration. A general mean-field phase diagram, based on Anderson’s
As shown in Fig. 8, which relat€Bg of oxygen-deficient resonating valence bor{@®VB) theory, for the HTSC'’s as a
RB&,Cu;0, to that ofR; _,Pr,Ba,Cu0;, theTs of Pr-doped  function of hole doping has been proposed by Nagaosa and
samples is much lower than that of oxygen-deficient samplesee!® There are two characteristic temperatures related to
at the sameT.. In addition, the hole-carrier number of a two phase transitions in the phase diagram. One is the spin-
Y1-xPrBaCwO; is just slightly larger than that of an gap temperaturely (Ts in this work below which the
oxygen-deficient YBgCu;0O, (Ref. 18 at the samd inthe  spinons become paired, and the other is the Bose-Einstein
regionT<>60 K. However, the small difference in the hole- condensation temperaturdgez (Tc in the underdoped
carrier number between ,Y,Pr,Ba,CuO; and oxygen- sampley below which the holons condense. Since the ho-
deficient YBaCuO,, at the samd, should not result in  lons, which are responsible for conductivity, are solely scat-
so large a difference iig if the spin-gap behaviors are com- tered by the spinons, the decrease of scattering centers which
pletely determined by the carrier density. The reduction ofis due to the pairing of spinons causes resistivity to reduce
carrier density, resulting from Pr doping, will induce the spinrapidly belowTg. This explains the deviation from thE
gap, but the Pr doped between Guflanes will also simul- linear behavior, as observed in experiments. In Fig. 9, we
taneously suppresBs. It may be deduced that the hybrid- present the data of .Y ,Pr,Ba,Cu;O; and oxygen-deficient
ization between Pr and Cy@lanes will influence the spin- YBa,CuO, in the mean-field phase diagram. The hole con-
gap temperature since the spin gap occurs in Lpi@nes. tent of the Y,_,Pr,BaCu0O; is obtained from the relation
The hybridization in the smaR-site ionR,_,Pr,Ba,Cu;0;  between Hall carrier number af¢: in Ref. 20 and the data
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for the oxygen-deficient YB&£u;O, comes from Ref. 21.
Our data, for both Y_,Pr,Ba,CusO; and oxygen-deficient
YBa,Cu0O,, fits well within the mean-field phase diagram.

IV. CONCLUSION

From our study we concluded that the spin gap is not
completely determined by the carrier density. It will also be

suppressed by the hybridization between Petectrons and
CuG, planes in theR; _,Pr,Ba,CusO; system.

S. J. LIU AND WEIYAN GUAN
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gap since the relationships betwe€g and T of various
oxygen-deficientRBa,Cu;O, are similar. HoweverTg in-
creases with increasing ionic size Bfsite elements for a
fixed Pr concentration iR, _,Pr,Ba,Cu;0; (R=rare earth
element.
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