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Unconventional carrier doping

K. Yoshida, A. I. Rykov, and S. Tajima
Superconductivity Research Laboratory, International Superconductivity Technology Center, Shinonome 1-10-13, Koto-ku,
Tokyo 135-0062, Japan

|. Terasaki
Department of Applied Physics, Waseda University, Okubo 3-4-1, Shinjuku-ku, Tokyo 169-8555, Japan
(Received 25 March 1999; revised manuscript received 14 September 1999

We investigated pressure dependence of the in-plane, chain, and out-of-plane resistivity,Giy®a 5
under hydrostatic pressuReof up to 2 GPa using detwinned crystals. A dramatic decrease in all the resistive
components and the disappearance &) upturn withP can be explained by assuming that applied pressure
induces additional carriers in both the Cuflanes and the CuO chains, as is similar to the chemical doping.
Therefore, the conventional model of the carrier transfer from the chains to the planes is to be reexamined.
[S0163-18209)50646-2

One characteristic of the high¢ cuprates is the quasi- out-of-plane resistivities of detwinned Y-123 crystals under
two-dimensional(quasi-2D electronic state, which is well hydrostatic pressure of up to 2 GPa.
described as “a confinement of carriers within the GuO  We grew high-quality large single crystals of Y-123 using
planes” in the normal state and typically seen in the aniso@ crystal pulling technique and detwinned them as described
tropic resistivity. For example, in the underdoped regime, théréviously: Crystals were cut into a rectangular shape and
out-of-plane resistivity exhibits a steep semiconductorlike2Nn€aled in flowing @atmosphere for two weeks at 480 and
upturn at low temperaturé whereas the in-plane resistivity 340 °C for optimal and overdoped samples, respectively.

remains metallic. In order to clarify the nature of the peculiarggti”}girf‘ed byt_ thel r;idpoint 0:; tgg zsrkarf resisti(\j/e _drop tis
quasi-2D electronic state, it is of great importance to under="" or optimal doping an ' or overdoping &

stand the mechanism of such a unique conduction, whicﬁlrnblent pressure. .
may be closely related to the pairing mechanism of High- The resistivity was measured using a standard four-probe

. method. The typical size of samples which were cut from a
superconductivity.

Vi i d detwinned crystal was>0.3x0.1 mnt for p, andpy,, and
For the above purpose, applying pressiis expected 1o g 55 g 5% 0.4 mn? for pc, respectively. Gold paste was

be a powerful technique, because pressure can control thes  for electrodes and was cured in air at 300 °C for 5 min.
electronic dimensionality through a lattice compression. Ingq|q leads were attached to the electrodes with silver paste.
the highT cuprates, almost all the pressure studies hav§ye attained a contact resistance<o1(). Pressure was gen-
concentrated on hot, changes witP.* The P dependence erated by using a piston-cylinder device made of Be-Cu and
of T, strongly depends on the carrier doping level, where, inw-C alloys. Samples are immersed in a fluid pressure-
many cases, pressure increases the doping level via a carrigansmitting medium of an equal mixture of Fluorinert FC70
redistribution. In YBaCwO,_ s (Y-123), a source for the and FC77 in a Teflon cell. This device achieves quasi-
carrier redistribution has been considered as a charge transfieydrostatic pressure. Pressures were calibrated URinof
of holes from the CuO chains to the Cuflanes. This isthe Pb as a standard. Resistivity measurements at each pressure
so-called pressure-induced charge trangfICT) model?  were carried out on heating, after the applied pressure was
Contrary to this, Tozeet al® reported that th&, of a Y-123  set at room temperature. In order to keep the pressure con-
crystal reaches 95.2 K at 11.3 GPa, exceeding the ambienstant during the temperature excursion, the load was main-
pressure maximum of 93.5 K. This obviously shows fhat tained constant by controlling the oil press equipment. The
is not determined solely by the doping level, and that someesistivities after releasing pressure are consistent with the
key parameters foll . other than the doping level are also initial ones, which eliminates any deformations or defects in
modified by pressureThus the PICT model as well as tRe  the samples by applying pressure.
dependence of physical properties in Y-123 should be further Figure 1 shows th® dependence of . of the two crys-
examined. tals, optimally dopedOpD) and overdopedOvD) samples.

As is widely accepted, the resistivity of the high-cu-  With increasingP, T, changes linearly up to our highest
prates is a sensitive measure for the doping level. With doppressure of 1.93 GPa from 93.1 to 94.5 K with a rate-@f.8
ing, the magnitude monotonically decreases, and the tenik/GPa for the OpD crystal and from 88.2 to 87.7 K with a
perature dependence exhibits a characteristic chafifbus  rate of — 0.3 K/GPa for the OvD one. Interestingly, the tran-
precise measurements of tRedependence of the resistivity sition width becomes narrower with increasiRdor optimal
will give crucial information on how many holes per CuO doping, while it becomes broader for overdoping, as shown
plane are supplied by pressure. In spite of this prospect, theiig the inset of Fig. 1. The transition width ef1 K at our
are only a few studies on tiedependence of the resistivity. highest pressure for optimal doping suggests a good unifor-
Here we report th® dependence of the in-plane, chain, andmity of the applied pressure.
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FIG. 1. The variation off; with pressureT. is determined by a < <
midpoint of sharp resistive drop. Each end of the error bars indi- 0 0
cates an onset or offset of the transition. __ 6} 0.06GPa |} coscPa
E Lo P
For the OpD sample, we cannot find any indication of & 4l 132 8 4 1a
saturation ofT, even at 1.93 GPa, although, exceeds the %, | " A S
ambient-pressure maximum ®f (=93.5 K) reported so far = 5 T ot z T~
(see Fig. 1 The observed T./dP for P—0 is nearly the < S| g -c' 295k {]
same as that reported by Tozetral® As they pointed out, 0 | TN
this is the direct evidence that, is not determined solely by 0 0 100 (Kz;oo 300
T

the doping level. A similar situation is seen in the Hg-based

cuprates, wherd . of an optimally doped sample increases FIG. 2. The temperature dependencepgfune. penam: andpe

10 Thic i pa
from 130 to 16(.) K.”This |nqrease I IS _yet to be under- for (a) the optimal doping andb) the overdoping at several pres-
stood, and various theoretical explanations are propdsed

) X A . sures. The inset shows the pressure dependenpg 8t, pchains

Since the expression of the; of high-T cuprates is open anqg,_at 295 K.
and controversial at present, it will need further compilation
of the data. —13% for the OvD one, which are almost independent of

As mentioned above, since the main purpose of this papeemperature. In a naive interpretation following the PICT
is to see thé> dependence of the resistivity, we measured allmodel, the hole transfer from the chain site to the plane site
three resistive componentg, pp, andp. of the Y-123 crys-  results in an increase @4, and a decrease @f;jane With
tals under hydrostatic pressures. Becanseontains contri- P, which is seriously incompatible with our results. Thus,
butions from both the Cugplanes (ab plang and the CuO instead of the PICT model, we propose that the pressure-
chains (Ib), with an assumption of isotropic conduction induced doping is equivalent to chemical doping such as an
within the CuQ planes, we extragh.pain USINg the expres- increase in the oxygen content.
sion for two conduction paths in parallel, i.e.,pd{ain It should be emphasized that the decreagigg,;, with P
=1lpp—1lp,. The temperature dependence @f,,,e can be deduced even if we take into account the anisotropy
(=pa), Pchain, and the out-of-plane resistiviy, at several within the CuQ planes. Putting the anisotropy ratio within
pressures is plotted in Fig. 2 féa) the OpD sample antb)  the planes aA=pS|ane/pg|ane, Pchain CaN be estimated from
the OvD one. In the upper panelsyane appreciably de- the relation 1p¢hain=1/pp—Alp,. We found that our results
creases withP in both crystals. The decreasing ratiomf.,e  of p, andpy, give the conclusion thgi.p,,;, decreases witR
between ambient pressure and 1.9 GPa-i85% for the for A<2.5. In the lowest-order approximation, the GuO
OpD crystal, and-10% for the OvD one, which are almost plane will be more resistive for thie direction, because the
independent of temperature. These values are much largkattice parameter for the axis (3.89 A) is longer than that
than those for simple metal®.g., —1.9%/GPa for C)t'  for the a axis (3.82 A). Gagnonet al'® estimated the upper
which is mainly due to the pressure-induced lattice stiffendimit of the anisotropy is 2.0, wherA=1/2. From the band
ing. Note that in Y-123, the change in carrier density ex-calculation, Massiddat al'* found that the Cu@plane of
pected from lattice compression is less thai%/GP&,  Y-123is more conductive along thedirection owing to the
which is too small to explain the whole magnitude of the existence of the CuO chain. Even in this case; 1.8 which
decrease ip. We also have observed a large decrease of thes less than 2.5.
Hall coefficientRy with P using samples cut from the same  The substantial difference idp/dP between the OpD
detwinned OpD crystaldIn Ry/dP=—18%/GPa)-* These and OvD samples can be explained only by assuming a con-
results clearly indicate that pressure induces additional carrstant change in the carrier densitywith P. Since the net
ers in the CuQ planes. change inn induced byP is roughly written byAnxAo

The most important finding is that.,,in alsodecreases ~—Ap/p?, we found thatA p/p? for these two are almost
with P, which suggests that pressure induces carriers in ththe same. In addition, we found thak 6/ p?) cpain is two or
CuO chains. The decreasing ratiomf,.i, between ambient three times larger thanA(p/pz)p,ane, which is the same as
pressure and 1.9 GPa is25% for the OpD crystal, and the case for chemical doping reported by Takenekal®
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Ni(S;_,S&),,}” and organic conductor§,applied pressure

200 1O cm With increasing oxvaen contents from 6.88 to corresponds to an increase of the one-electron bandwitith
M with 1 Ing oxyg : and thus a decrease of the effective electronic correlation

6.92. Hence we may say that the applied pressure of 1 GPa . ) : )
roughly equivalent to the increased oxygen contents of 0.0lﬂi/w' We propose that the change g of Y-123 is a hal

This is qualitatively consistent with a bond-valence argumen[‘nark of the unconventional pressure effect.
that pressure induces0.0065 holes/GPA. Finally we will make brief comments on unsolved prob-

. R . ems. (i) Zhou et al*® have reported that the PICT model is
An_ot_her Important feature in Fig. 2 IS that the_decrease 0}successful for the pressure effects in %Ba,Og (Y-124).
resistivity with P is more pronounced ip. than in ppjane

and p_..... While it is partly explained by an anisofropic Their work seems incompatible, particularly i, with a

Lo . . . recent work of Hussegt al?° According to the latter, the
compressibility, it also reflects an anisotropic doping depen-

; - .+~ ‘conduction band for the chain site governs the transport
dence in the three resistive components. In fact, the variatio 9 P

of p. with oxygen contents in Y-123 is more than two times Broperties along the axis in Y-124. Then, ifP did not
c - ; . . .
larger than those pr|aneandpchain-8 Moreover. it is worth changepy,, it would not change.. either. Since the size of

4 . - Y-124 crystals is very small, larger crystals are needed to
noting that, for the OpD_ qrystal, thg sem!conductmg lthurr]step further.(ii) At present we have no clear answer to the
at low temperatures diminishes with. Since doping by

) S . - . question from where the carriers are inducedPbyA pos-
gﬂznmg;zalinspubs\t:zﬁtlgn;rgbﬁg:satﬁggggg:gngﬁggt) ’fg;ethe sible candidate is the pressure-induced change of the ionic
Cc

induced doping. W furth h state or the Madelung potential.
pressure-induced doping. We can further say t atoghap- In summary, we have measured and analyzed the pressure
turn does not originate from any kind of disorder. This could

be a constraint for models of the out-of-plane conduction effects on the_resistivity for the detwinned crystals of
. e Lo oE T YB _s.Th f o with
The third support for the pressure-induced doping is give 8CUs07 ;. The decreases of boHiane aNdpcnain Wit

) . ; : b are difficult to explain by the model of the pressure-
by the change m_the anlsqtropyp;f/pp,anewnh P (se_e FI9.  jnduced charge transfer from the chains to the planes, which
3). Although the increase in the anisotropy ratio with reduc-

) L . ; . has been believed so far. We propose an alternative interpre-
ing T indicates that a 2D metallic state with the carrier con-j .o of the pressure-induced doping which is similar to
finement within Fhe Cu@planes survives even in our O\_’D chemical doping. This consistently explains our observations
sample, the notlceable dec_rease in anisotropy ratio Rith that pressure decreas&s both p. ... and penain, (2) the
suggests the increased doping level. Pane cnain

i . low-temperature upturn inp;, (3) the anisotro of
Next, we examine whether pressure affects the scatterin P P pe; (3) Py

) - /9 Ippianes (4) the residual resistivitypy, and(5) the Hall
c/Fplane
rate 1#(1-.) or not. Figure 4 shows that rjormallzmgT) at coefficientRy . This would provide a method for changing a
295 K gives excellent scaling behaviors f@g, e and

: >~ doping level without introducing any substitutions which
Pchain, While p. for the OpD sample shows a qualitative ping g any

h Thi ts that th teri hani | might cause disorder in the system. In contrast to the normal-
change. This suggests that the scattéring mechanisms aloggy;q transport properties, the enhanced maximyriearly
both the planes and the chains do not change under hi

ows that applying pressure induces additional changes
pressures. Namely, the pressure does not changé thee PPYIng p g

her th [ f th ing level, which -
pendence of X(T), but increasesn/m* or the Drude other than an increase of the doping level, which may pro

. g . ) . . vide a crucial insight to a mechanism responsible forThe
weight. This is consistent with the case of chemical dopmg/alue g P b

reported by Itcet al.” Note thatAn is as small as 0.005-0.01
per CuQ, which implies that the change in7by An is too We acknowledge N. E. Hussey and Y. Ito for stimulating
small to be detected. discussions and T. Machi for technical support. This work
Note that the excellent scaling behavior implies that thewas supported by New Energy and Industrial Technology
residual resistivityp, changes withP. pq is proportional to  Development OrganizatiofNEDO) as a part of its Research
1,Se,*® wherel, is a mean-free path for impurity scattering and Development of Fundamental Technologies for Super-
andSg is a Fermi-surface area. Therefore, normallyin the  conductor Applications Project under the New Sunshine Pro-
Fermi-liquid metals is independent &f, even in strongly gram administrated by the Agency of Industrial Science and
correlated systems. As is seen in ,LaSrTiO3®  Technologies M.I.T.I. of Japan.

According to their datapane at 300 K changes from 300 to
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