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Thermoelectric power and resistivity of HgBaCuO,.. ;s over a wide doping range
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Thermoelectric powe(TEP) and resistivity were systematically investigated for HgBaO, , s (Hg-1201)
with various doping levels from high underdoping to slight overdoping. Polycrystalline Hg-1201 samples were
carefully prepared from a mixture of HgO, BaO, and CuO. We paid particular attention to carbon impurity in
the starting materials, resulting in a high-quality sample. This enabled us to measure reliable transport prop-
erties. Assuming one characteristic temperafrdor each doping level, both the TEP and the resistivity can
be well scaled, as was reported in the other higlsuperconductors. The doping dependencé&’sfis in good
agreement with that of spin gap temperatures determined by NMR as well as that of the pseudogap tempera-
tures reported in some other high-superconductors.

DOI: 10.1103/PhysRevB.63.024504 PACS nuni®er74.72.Gr, 74.25.Fy, 74.62.Bf

. INTRODUCTION was limited®™® The observed high resistivity probably re-
sulted from some undesirable intergrain impurities, which
Recently, the pseudogap state in hifhsuperconductors can be produced by a relatively low sintering temperature.
(HTSC's) has been extensively studied from variousMoreover, the superconducting transition examined by the
experiment5 3 since this state may be strongly related to themagnetization was significantly broad, especially in the high
mechanism of highF, superconductivity. Though most underdoping and overdoping regions. A broad superconduct-
properties in the pseudogap state are common in HTSC'$ng transition may be due to defedisr nonstoichiometry of
(La,Sr,CuQ, (La-214 shows some different behaviors cation and/or oxygen imhomogeneity. In order to obtain re-
from those of YBaCu;Og., 5 (Y-123) and By,Sr,CaCyOg, ; liable resistivity data, improvement on the grain surface is
(Bi-2212), for example, in the relaxation ratel{T) ! of extremely important. In this work, we were successful in
NMR (Refs. 2 and % and angle-resolved photoemission preparing good samples that exhibit a sharp superconducting
spectra ARPES.3® The origin of these differences is still an transition and are appropriate for transport studfeBy us-
open question. One may attribute it to the number of uOing these high-quality Hg-1201 samples, we systematically
layers or to the spin-charge stripe order observed clearly ifnvestigated the temperature dependence of their TEP and
La-214° In order to examine these possibilities, it is neces-resistivity. It was found that both the TEP and the resistivity
sary to study other materials with a single Gul@yer per ~ can be scaled at a characteristic temperaiureThe doping
molecular formula. From this point of view, HgBauQ,, ;  dependence of . andT* in Hg-1201 is also discussed.
(Hg-1201 is one of the most promising candidates. Its crys-
tal structure is simple and _the superconducting critica! tem- Il. EXPERIMENT
perature T.~98 K) is the highest among the HTSC’s with a
single CuQ layer. An advantage of Hg-1201 is that the dop- The Hg-1201 sample was prepared from mixtures of
ing levels can be continuously and widely controlled fromHgO, BaO, and Cu®99.999% by a solid-state reaction. To
underdoping to overdoping by varying the extra oxygen condminimize the carbon impurity in starting materials, the HgO
tent without any cation substitution. powder was prepared from Hg(NB (99.999% by heating
Influences of the pseudogap state can also be seen in tiaé 350 °C for 10 h with flowing A(99.9999% gas and the
temperature dependence of transport properties, for examplBaO was purified from BaC(99.997% by sintering at
such as the resistivityHall coefficient’ and thermoelectric  1000—1080 °C for 20 h several times under a vacuum level
power(TEP).2° An interesting point is that these quantities in of about 1< 10~2 Torr. We quantitatively analyzed the car-
various doping levels can be scaled in a universal curve ohon content in the starting materials, because we recently
the basis of the characteristic temperatlifeat which the found that carbon impurity is one of the important factors to
temperature dependence of each quantity considerablgontrol a sintering temperatdfe'® that affects the crystallin-
changes:***2 The doping dependence 3 roughly coin- ity and the surface condition as well as the super-
cides with that of the pseudogap determined frofT) "  conductivity’® The carbon impurity determined by infrared
in NMR.2 Although the scaling was successful in the in- spectroscopy LECQ@CS-444L3 is 0.04, 0.15, and 0.1 at. %
plane data for single crystals or oriented filkigt may be  for HgO, CuO, and BaO, respectively. Weighing, mixing,
applicable to high-quality polycrystalline samples if conduc-and pelletizing of the raw materials were carried out in an
tivity in the out-of-plane direction is negligibly small. Arfilled (99.9999%, CG<0.1 ppm, HO<0.1 ppm) glove
So far, transport properties of Hg-1201 have been rebox. The sample sealed in a quartz tube was sintered at
ported merely as a characterization of samples. Most of th830°C for 20 h and then quenched in cold water. It was
reported resistivities were rather high and the doping rangannealed for a relatively long time~(1 week) to achieve
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TABLE |. Structural parameters and physical properties for the nearly carbon-free,BgBa. s
samples. Hole concentration was representep, lyhich was determned from the empirical relation between
S(290 K) andp [10].

Sample No. Annealing conditions a(A) T, (K)  S(290 K)/uVK™1 p
1 Vac. 500 °C, 6 days 3.8988 <2 144 0.040
2 Vac. 450°C, 10 days 3.8948 <2 109 0.046
3 Vac. 400°C, 10 days 3.8940 26 80 0.050
4 Vac. 350 °C, 6 days 3.892D 46 60 0.057
5 Vac. 300°C, 10 days 3.8805 62 48 0.069
6 Ar 400 °C, 10 days 3.8869) 72 25 0.090
7 Ar 350 °C, 10 days 3.88%3) 77 17 0.103
8 Ar 300 °C, 8 days 3.8843) 83 9 0.110
9 0,0.01%-Ar 300 °C, 7 days 3.8829 91 7 0.119
10 0,0.1%-Ar 300°C, 7 days 3.8819) 95 6 0.127
11 0,300°C, 7 days 3.8789) 98 3.2 0.157
12 0, 240°C, 21 days 3.87%9) 92 ~0.1 0.180
13 O, 6 atm 320 °C, 8 days 3.8768) 86 -3.0 0.190
14 O, 6 atm 270 °C, 8 days 3.7489 80 —-45 0.208

oxygen homogeneity. Preliminary experiments revealed thatnnealing and for the transport measurements within 1 h.
longer annealing results in a sharp transition. We anneale@ihe hole concentratiofp) per a CuQ layer was estimated,
samples at the different conditions for controlling oxygenusing the Seebeck coefficie(8) at 290 K, on the basis of the
contents in samples. Annealing at higher temperature witiempirical relation betwee and p in HTSC’s® We have
lower oxygen pressure results in a lower oxygen contentgonfirmed that the estimated hole concentration is in good
namely, a lower doping level. Annealing conditions areagreement with that calculated from the oxygen content.
listed in Table I.
_ Impurities were not dete<_:ted in the powder x-ray diffrac- IIl. RESULTS AND DISCUSSION
tion patterns of the as-sintered and annealed Hg-1201
samples. The neutron powder diffraction pattern of the Figures 1a) and Xb) show the temperature dependence of
oxygen-annealed Hg-1201 sample also indicated a singlg for samples with various doping levels including the opti-
phase. A detailed crystal structure analysis will be reportednally doped sample. A doping level for each sample is indi-
elsewheré® The metal ratios of the as-sintered Hg-1201cated in Table I. In Fig. (), i.e., the underdoped regimg,
sample examined by energy-dispersive x-ray analysis, usingecreases as the doping level decreases, and eventually the
a scanning electron microscopSEM) and inductively  superconductivity is not detected in sample Nos. 1 and 2. In
coupled plasma (ICP) emission spectrometry, were the overdoped regimd,. decreases with increasing doping
Hg:Ba:Cu=1.05:1.96:1.00 and 0.95:2.00:1.00, respectivelylevel as shown in Fig. (b). Further overdoping was not suc-
A typical grain size of the samples observed by SEM iscessful in the present work. One possible explanation is that
about 30umx30 umx5 um. ICP analysis revealed that our samples are too dense to be oxygenated or that the oxy-
there is no significant loss of Hg during the sintering andgen diffusion rate for our less defective sample is too slow to
annealing processes. Oxygen contents were determined bgach equilibrium. Note that the superconducting transition is
iodometry. very sharp even in the highly underdoped and slightly over-
The dc susceptibilityy was studied by a superconducting doped samples, which suggests high homogeneity of the
quantum interference devid&QUID) magnetometer under oxygen distribution in our samples. The narrow transition
the field cooling mode with a magnetic field of 20 Oe. Mea-width (AT,=2-5 K) made it possible to determine more
surement of the electrical resistivity was carried out by theaccurately the value of. as well as its doping dependence.
conventional four-probe method with a current of 10 mA. The superconducting volume fraction estimated from the ra-
Thermopower was measured using the four-probe method #ip of the susceptibility and the Meissner sigak about
temperatures from 20 to 300 K. A temperature gradient use80% for the optimally doped sample. This large supercon-
in TEP was typically 0.3—0.5 K. Temperatures at the probeducting volume fraction was sustained in all samples except
were determined using a Cu-Constantan thermocouple. THer heavily underdoped samples, proving that no serious de-
contribution from the voltage leads was carefully subtractedterioration was introduced by annealing. For the vacuum-
In these measurements of physical properties, we paid spennealed sample, we confirmed the recovery in superconduc-
cial attention to minimize oxygen absorption at room tem-tivity with T,=97 K after oxygen reannealing.
perature in air, especially for the highly underdoped samples. Figure 2 shows the temperature dependence of the TEP
In order to avoid degradation of the sample surfaces, thefor the same samples as in Fig. 1. The Seebeck coefficient
were set in the apparatus for susceptibility within 5 min after(S) at 290 K for the optimally doped Hg-1201 samghdo.
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11) is about 3.2uV/K, being almost comparable t& thermopower is excellent in both the absolute values and the
~2.3 uVIK for Bi-2212 (Ref. 12 and S~3.1 uV/K for  temperature dependence.

Hg-1223® For the optimally doped sampl8ncreases with The temperature dependence of resistivityjs shown in
decreasing temperature with a constant slope from roorfigs. 3a) and 3b) for the same samples as those in Fig. 1.
temperature down to about 170 K, and has a maximum aAbsolute values ofp are low for polycrystalline samples.
T~130 K, followed by a gradual decrease to zeroTat With decreasing temperature, the (1.0 m(2 cm at room
~100 K. The S at room temperature systematically de-temperaturg for the optimally-doped sampléNo. 11) de-
creases with doping in the underdoped regime, while in thereases almost linearly with temperature down to about 170
overdoped regime, it is negative and almost linear in temK, and gradually curves downward. The zero-resistance tem-
perature. Such changes 8{T) with doping are similar to perature £96.5 K) is the highest value among the reported
those of the in-plane thermoelectric power for single crystalslata. As doping level decreases, both the absolute value and
of Y-123 (Ref. 19 and Bi-2212!? but quite different from the slope of theT-linear term in the resistivity increase. In
those of La-214° For example,S of La, ¢:SK, 14CUQ, is  addition, the characteristic temperature at whickleviates

40 nVIK at 290 K, which is one order larger than the value from the T-linear relation increases. These results are quite
for Hg-1201, Bi-2212, and Y-123. This suggests that thesimilar to the behavior of the in-plane resistivity of other
anomalous behavior of the TEP in La-214 is not related to adTSC'’s, as observed in La-274,Y-1238 and Bi-2212%
structural problem for a single CyQayer but due to a spe- Although p of the overdoped sampléNo. 14 exhibits a

cial problem in La-214, for example, the charge orderingcompletelyT-linear behavior down td@ ., its absolute value
accompanied by a lattice distortiSrReproducibility of the s slightly higher than that for the optimally doped sample,
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T T T T T T value of T* that the uncertainty of * is within 5 K. In other
3.0 (a) underdoping 3 words, the scaling method turns out to be a good way for
ad B T determination off * with high accuracy. Scaling analysis was
also applied for the resistivity data. The universal curve was
2.5} obtained as shown in Fig.(). Since the effects of grain
boundary onp cannot be completely ignored even in our
20k high-quality samples, the uncertainty is larger than the case
" for T*(TEP), = 15 K, for determination of the first data point
of T*. However, once we fixed a master curve with a certain
1.5} T*, T* for other doping levels can be determined within an
accuracy of 5 K. The surprisingly well-scaled behaviorSof
1.0k andp indicates that the qualitative changesS{T) andp (T)
) at T* for various doping levels are governed by common
physics, such as a change in the electronic state related to the
£ 05 pseudogap.
o The scaling for the overdoped samples is difficult or in
%} 0.0 some cases impossible. In the case of TEP, the absolute
~ value of S becomes close to zero when the doping level
2 1.2r exceeds the optimum, which makes the S/N ratio worse.
2 1.0l Moreover, theT range for scaling becomes narrow whEh
% ’ decreases, which also makes the scaling difficult. The scaling
o 0.8} for negative values of in the sample Nos. 13 and 14 is
o meaningless. As to resistivity, the scaling was not examined
06 for the three overdoped samplésos. 12—-14, because the
0.4} effect of the grain boundary is visible in Fig(3.
Another problem of the scaling would appear in the
0.2 highly doped region, where the superconducting fluctuation
0.0 R ) 1 L 1 1 may overcome the pseudogap effects. Since we did not dis-
0 50 100 150 200 250 300 tinguish the pseudogap and the fluctuation effects in our

Temperature / K analysis, the estimatef* might be higher than the correct
values for the optimum and some highly doped samples. On
FIG. 3. Temperature dependences of resistivity forthe other hand, there are some theoretical models in which
HgB&CuQ,, ; over a wide doping rangéa) Underdoped and op- the pseudogap is attributed to a precursor of superconducting

timally doped andb) optimally doped and overdoped. pairing?® In this case it is not necessary to distinguish the
fluctuation effect from the pseudogap effect.
probably owing to some problem at the grain boundary. The doping dependence ©f andT" is plotted in Fig. 5.

These high-quality data of TEP and resistivity motivatedThe bell-shaped. variation with hole concentratiofp) is
us to examine the scaling behavior that was reported by sexzommonly observed in many HTSC'’s. The boundary of non-
eral research groups.Taking a certain temperatuf@e* that  superconducting and superconducting phases is located at
roughly corresponds to the beginning®tlecrease, we nor- ~0.05 and the maximunT. is observed ap~0.16. The
malizedS by the value aff*. Then, we obtained a beautiful increase off. near the nonsuperconductor to superconductor
scaling behavior irs for the underdoped samples, as showntransition atp~0.05 is very sharp, which was also reported
in Fig. 4a@). The normalized value dBis so sensitive to the in the La-214 systerf It may be worth noting that a plateau
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300 I T T aboveT; even at optimum doping. Although we cannot rule

out the possibility that this is an artifact due to the effect of
superconducting fluctuations, it is likely that this phase dia-
250 - A T (res) | gram is characteristic of the Hg-1201 system. Recently, a
2 O T (TEP) similar phase diagram with very high* has been reported

+ T,(NMR)[25] for Bi,SLCuQ;, s (Ref. 28 that is also a superconductor

with a single CuQ layer in a unit cell.

o) HgBa,CuOQ,

200 |- +
Q

6 IV. SUMMARY
150 |- - '

By careful examination of carbon impurity in the starting
materials and by long annealing under precisely controlled
100 |- ® ® o m conditions, we successfully prepared Hg-1201 polycrystal-
. line samples that are good enough for measurements of
L] transport properties. The temperature dependence of TEP
50~ ° 7] and resistivity were investigated on these high-quality Hg-
° 1201 samples in which the doping levels were varied from
0 o | | | | being underdoped to slightly overdoped. We defined
000 005 010 0.15 0.20 025 0.30 T*(TEP) as the temperature at whi§deviates from linearly

increasing behavior an@*(res as the temperature at which
Hole concentration per Cu, p p(T) deviates fromT-linear behavior. TheS(T) and p(T)
for various doping levels are well scaled &t(TEP) and
T*(re9, respectively, which suggests a common origin re-
for HgBa,CuQy, 5. T, was determined by the dc susceptibility. lated to the*change in trle electronic statg. Thg doping depen-
T*(TEP) and T*(re were estimated by the temperature depen-dences off*(TEP) andT"(res are almost identical, and also
dence of thermoelectric power and resistivity, respectively, asimilar to the pseudogap behavior reported in other HTSC's.

shown in Fig. 4. The spin gap temperatures determined by the NMR he thermoelectric power of Hg-1201 is quite different from
study are also plottef25]. that of (La,SryCuQy, in spite of a similar structure with a

single CuQ layer. The present results demonstrate that high-
is seen ap~0.11 which is close to the magic number of 1/g duality Hg-1201 can be a representative material with a

where a so-called stripe order was observed in La%21¢.  Single CuQ layer for the study of HTSC.
discuss it, a further careful study is required.

T* values determined from TEP and resistivity are in
good agreement, and both gradually decrease with increasing The authors thank |. Terasaki at Waseda University and
p. These temperatures are also consistent with the spin gap. Itoh at the Superconducting Research Laboratory for use-
temperature determined by an NMR stéignd are plotted  ful discussions. They also appreciate K. Minami of Tokyo
together in Fig. 5. Moreover, the opening of a pseudogap ituniversity of Mercantile Marine for helping in resistivity
the normal state is also supported by our recent study ofind TEP measurements, and F. Izumi and Y. Yajima at the
photoemission spectroscofyyThe obtained phase diagram National Institute for Research in Inorganic Materials for
in Fig. 5 is similar to that reported for other HTSC's such ashelping in carbon analysis. This work was supported by the
Bi-221227 A clear observation of a pseudogap in Hg-1201New Energy and Industrial Technology Development Orga-
excludes the possibility that a lack of clear pseudogap effectsization (NEDO) as Collaborative Research and Develop-
on TEP,p as well as NMR relaxation time in La-214, is ment of Fundamental Technologies for Superconductivity
specific to the single CuQayer structure. Note that* is far ~ Applications.

T., T*andT, /K

FIG. 5. The superconducting critical temperatufig)(and the
characteristic temperatur@{) as a function of hole concentration
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