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EXPERIMENTS ON ELECTRON- AND HOLE-DOPED
HGH T COPPER OXIDE SUPERCONDUCTORS

M. B. Maple, N. Y. Ayoub @} . Beille,(®) T. Bjgrnholm,(©) Y. Dalichaouch,
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University of California at San Diego, La Jolla, CA 92093 USA

ABSTRACY

Experiments on hole-doped Y . PryBajCuq07_5 and electron-doped Lng M, CuOy._y
(Ln = Pr, Nd, Sm, Eu, Gd; M = Ce, Th; y ~ 0.02) compounds are bricfly reviewed. The
hole-doped Y _xPryBayCuy0Oq_5 sysiem exhibits a rich variety of phenomena including a
metal-insulator transition at x = 0.6, high T superconduclivity, anomalous behavior of the
pressure dependence of T and the temperalure dependence of the upper critical ficld,
antifcrromaguetic (AFM) ordering of Cu2* and Pr ions, Kondo-like specific heat anomalies,
and enonmous electronic specific heat coefflicients. The underlying cause of many of these
phenomena appears (0 be associaled with strong hybridization between the localized 4f states
of Pr and the CuQ; vaience band stales. Investigations on the electron-doped
Ly xMCuOy4_y compounds suggest the exisience of an electron-hole synunetry in the
eccurrence of the meial- insulator tansition, CuZ+ AFM ordering, and seperconductivily as
a function of electron or hole donor concentration.  Recent experiments on the
electron-doped Lagy , M, CuQy -y compounds reveal an clectron-hole anlisymmetry in the
pressure dependence of T, and the first example of the effect of AFM ordering on
superconductivity in high T, cuprates.

Introduclion

'The occurrence ! of hi gh T superconductivity in layered copper oxides has generated

an enormous amount of interest in these remarkable materials. A broad and intense
interdisciplinary research effort on both basic and applied aspects of high temperature
superconductivity is currently underway on a worldwide scale. Although similar in many
respects to conventional superconductors, the high-T; materials display many unusual
characteristics which both challenge theory and imbue these materials with the potential for
wide-ranging technological applications. Noteworthy examples include extremely high
superconducting critical temperalures T, small coherence lengths, enormous upper critical
magaetic fields, and large anisotropy of various properties due 1o the layered structure.
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One of the outstanding problems in this fieid of research is the role of charge carrier
concentration in controlling the superconducting and magnetic properties and their mutual
interaction. In all high T¢ copper oxide systems discovered so far, superconductivity lies
in a relatively narrow range of carrier concentration, between insulating antiferromagnetic
behavior and metallic, Fermi liquid like behavior. The role of the carriers is particularly
interesting in the Y, _,Pr,BayCuyO5 5 and eleciron-doped superconductors. For the
Y.xPryBa;Cu307 g system, Pr appears 1o contribute electrons 1o the CuQ; planes, which
reduces the concentration of maobile holes, driving the system nonmeiallic and

onsuperconducting for x > 0.6. The electron-doped system is the first among the copper

xide superconductors in"which the charge carriers appear to be electrons, rather than
noles, which could place serious constraints on viable theories for high temperature
superconductivity.

Furthermore, many of the high T, materials are new examples of magnetic
superconductors in which there is coexistence of rare-earth magnetic order and
superconductivity. For both Y ,Pr,Ba;Cuy07 5 and the electron-doped miaterials, there is
compelling evidence for significant interactions between the rare-earth ions and the
superconducting charge carriefs which can have dramatic effects on the superconducting
properties,

The 1lole-doped System Y Pr,Ba,Cuy0q.5

Among the rare earth R elements that form the series of RBa;Cus304.5 (6 = 0.1)
compounds with the orthorhombic Pnumm crystal structure (R = Y or a lambanide except
Ce, Pm, and Tb), only Pr yields a nonmetallic and nonsuperconducting compound; the
compounds of all of 1he other R elements are metaliic and superconducting with
superconducting critical temperatures T that range2 from ~92 K (0 ~95 K. The origin of
the nonmetallic character of PridayCu (57_5 is of considerable interest and could provide
useful information concerning the ePecimnic structure of the metallic RBapCuyO5q 5
compounds and, in turn, the occurrence of high T superconductivity in these remarkable
materials.

During the past several years, we have been involved in an extensive investigation3 of
Pr in the pseudoquaternary system Y, ,Pr,Ba;Cu309_ g, in which a rich variety of
phenomena are found. The superconducting critical temperature T, decreases with x and
vanishes at x = (.6, near the comnposition where a metal-insulator transition occurs.%
Two mechanisms for the suppression of T, with x in the Y ,Pr,Ba;Cuy05 5 system that
have been considered are (1) 1he filling of mobile holes in the &0 planes by electrons
contributed by Pr jons with a valence greater than the valence (+3) of the Y ions, 1% and
€] lhe e%m dependent exchange scattering of mobile holes in the CuQ+ planes by the Pr
ions/»8,9 One or both of these mechanisms could be operative in this system.
Anomalous behavior has been observed in the pressure dependence of T (Ref. 7) and the
temperature dependence of the upper critical field Heg (Ref. 11} in the Y (Pr,BazCu307.5
system. The low temperature specific heat due to the Pr ions can be described by the sum
of a Pr nuclear Schottky anomaly, a large linearly temperature dependent term, and a
magnetic contribution. | Z In the metallic state (00 < x < 0.6}, the magnetic contribution takes
the form of a Kondo anomaly, whereas in the insulaling state (0.6 < x € 1.0), the magnetic
contribution is associated with annferromagnehc {AFM) ordering of the Pr ions which
takes place in a background of Cu?t AFM ordering.

The underlying cause of the above effects appears to be moderately strong
hybridjzation between the localized 4f electron states of Pr and CuQ; valence band
states. 37,13 The Pr 4f-Cu02 valence band hybridization could provide & means for (1)
transferring electrons from Pr ions to the CuQ3 planes, and (2) generating a large negative
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(antiferromagnetic) exchange interaction between the spins of the mobile holes in the CuOy
planes and the Pr magnetic moments. An important issue which remains to be resolved
concerns thf valence of the Pr ions; fgr example, crystallographic, 4 electrical
lransporl,ls: 6 magm:lic,'s-1 | and thermalt!2 measurements suggest a valence close to +4,
whereas spectroscopic datal3. 17 generally yield a valence close to +3.

Hole Filling and Pair Breaking in the Y;_Pr,Ba;Cu307_5System

The T, vi X gurve for the Y, 4Pr,BasCuy07 5 system, based upon receat
measurements, 1,12 js shown in Fig. 1. The curve has a very characteristic shape which
consists of an initial flat portion, followed by a linear decrease in the range 0.1 < x £ 0.55,
and a more rapid drop to zero at x = (1.6 which is probably related 1o the occurrence of the
metal-insulator transition indicated by the dashed line in Fig. 1. Also shown in Fig. 1 are
the temperatures of the maxima in 1he specific heat in the metailic region, discussed below,
and the Néel temperatures deduced from specific heat data for antiferromagnetic (AFM)
ordering of the Pr ions in the insulating fegion. The AFM ordering of the Pr iong. i kes
place in a background of CuZ* AFM ordering that occurs at higher |emperatures,1 W17 ag
depicted in Fig. 1.
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Fig.1. Temperature-Pr concentration (T-x) phase diagram for the Y _,PryBayCu307_ g sysiem. From
Ref. 12,
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Recently, we probed the superconductivity in the Y _,Pr,BapCu3Oq 5 system!0 by
substituting divalent Ca ions for trivalent Y ions 1o form the system
(Y1.x.yCay)Pr,BazCu 07,8. Curves of T¢ vs Ca concentration y for fixed values of the Pr
concentrafion x of 0, (1.1, 0.15, and 0.2 were determined experimentally and are shown in
Fig. 2. The T vs y curves exhibit maxima for x = (.15 and 0.2 which are observed to
shift to lower vatues of T, and higher values of y with increasing Pr concentration x.

We found that the overall behavior of the T, vs y curves for fixed values of x could
be described by the expression :

Telx,y) = Teg - A-Pxt+y)Y - Bx (1)

In Eq. 1, Ty is the maximum attainable value of T, -A{o-Px+y)Y is an empirical tenn that
was interpreted in terms of hole generation by Ca (y) ions and hole filling by Pr {x) ions,
-¢r, is optimal hole concentration, P is the deviation of the effective valence of Pr, v(Pr),
from +3 [i.e,, B = v(Pr)-3], and -Bx describes the overall depression of T with x which
was atiributed to pair breaking interactions. The best overall fit of Eq. 1 10 the T¢(x,y) data

a: (Y y-xyCay)PraB3aaCu3Og 951002 b: Y pxPriBazCusOs 9510.m
T T T T T
961, . 1t .-° -
* , liole filling *
0% Pr N . . N
92k \
88| 4 .
E‘G 0% Pr )
(o84} ) 4 4
BO} . 15% pr . 1
Hole Milling
and pairbreaking
761 1t .
20% Pr
72f ' 1t 1
A Lowa e SR i Ao a s i
-0.1 0.0 0.1 0200 (.1 0.2
Ca concentration y Pr concentration x

Fig. 2. (a} T, vs Ca concentration y for four Pr concentrations x. Curves [ormed by solid and dashed lines
represent Eq. 1 in the text. The negative Ca concentrations are hypothetical and would correspond 1o
teiravalent substijutions. (b) T, vs Pr concentralion x, The dashed line represents the Tunciion To(xy = 0)
+ (96.5 K)x which describes pure hiole filling and the solid line represents the function Ty(x,y = 0) which
includes hole filling and pair breaking. From Ref. 10.
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gives the following values for these parameters: Teo =97 K, A=425K, = 0.10,f =
(195 £ 0.20, y = 2, and B = 96.5 K. The value obtained for B yields v(Pr) = 3+f3 = 3.95
+ (0.20, sugpesting that the Pr ions are nearly tetravalent. This result is consistent with
magnetic susceptibility measurements® 1 Uon the Y_,Pr,Ba;Cu;04.5 system throughout
the range (} § x <€ 1, the results of which can be described W the sum of a constant
Pauli-like tenm and a Curie-Weiss law with an effective moment' ! of ~2.5 up, close to the
2.54 up Hund's rules value for a single f-electron (tetravalent Pr). The magnitude of the
exchange interaction parameter J can be estimated from the value of B by using a pair
hreﬂkmg lhcnry such as that of Abrikosov and Gor'kov (AG) in which the exchange
scattering rate is calculated to second order in J, or one that takes into account the Kondo
effect {exchange scattering to higher order than J2). The AG result is adeguate for an order
of magnitude estimate of 1] and for low values of x is given by

Te(x) = Teg - [(RZAkEINER)) gy - DHJ+DIx = Teo- Bx )

where N(Ep) is the density of states at the Fermi level and gy and ] are, respectively, the
Landé g-factor and total angular momentum of the Hund's rules ground state of the Pr

T T T
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Fig. 3. T, vs pressure T for Y 4PryBagCuq07_ g compounds with x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5,
From Ref. 7.
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Fig. 4. Calculaied T¢ vs pressure P curves for Yy, PryBasCuiOq g with x = 0, 0.10, 0.15, (.20, .25,
0.30. From Rel. 21.

ions. Using the vatue N(Ep) = | 1.5 states/eV, gy = (186, and J = 5/2 for Pr*+, a valve of
~41 meV is obtained for I]1.

An extension of Eq. 1 to incorporate the effect of applied pressure P can also account
gualitatively for the striking variations of T, with P that have been observed in the
Y 1.xPryBasCuz Oy 5 system, ' Shown in Fig.% are T vs P data for Y ,Pr,Ba;CusOq.5
specimens with Pr concentrations x of 0, 0.1, 0.2, 0.3, 0.4, and 0.5.7 "The data reveal a
striking crossover from positive to negative pressure dependences of T¢ as the Pr
concentration is increased. These trends in the T¢(x,P) data can be obtained from Eq. 1 by
assuming that the parateters A, o, and v are, to a first approximation, independent of P,

Teo has the same pressure dependence as pure YBa;CuqOq 5, and B and B can be
expanded in a power series o first order in P; i.e.,

Teol) = Teo(0) + (0.07 K/kbar)P 3)
PPy = B + e 4
B(P) ~ BO) + R'@O)P (5)
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The best overall fit of the resultant cxin'cssiun for [d'i'c(x.P)/dP]pﬁu to the experimental data
yields the values B'(() = (.024 kbar~! and B(0) =-2.45 K kbar-!. The increase of § with
P indicates that v(Pr) increases with P, which is intuitively reasonable. A decrease
(increase) of IJ1 with P can be inferred from the decrease of B'(0) with P, depending upon
whether the complications associated with the Kondo effect are excluded (included). The
Kondo effect is expected (and apparently observed in the specific heat of the
Y .xPryBayCuq0q 5 system, as discussed below) in metals containing R ions that carry
magnetic moments when there is strong hybridization between the localized 4f states of the
R ion and conduction ¢lgciron states which generates a large, negative (antiferromagnetic)
exchange interaction, 20 However, inclusion of the Kondo effect in the analysis of the
Te(x,P) data is complicated and beyond the scope of the present work.

The caleulated T(x,P) curves for x values of 0, 0.10, 0.15, 0.20, 0.25, and 0.30 are
shown in Fig. 4. The calculated To(x,P) curves give a good qualitative description of the
overall trends in the experimental To(x,P) data shown in Fig. 3, although the x values of
the calculated and experimental curves do not correspond exactly with one another,

If the Pr valence is actually close to +3, as indicated by the spectroscopic data, the
analysis of the Te(x,y,P=0) and Tc(x,y=0,P) data for the Y|_,Pr,CayBayCu307 g system
discussed above would still be tenable, except that the parameters o and B in Eq. | would
have differcnt meanings, The parameter o would now be interpreted as the optimal
concentration of mobile holes in the CuQ9 planes, while B would be a coefficient
representing the fraction of a hole in the Cqu planes localized per Prion, The mechanism
by means of which nearly one hole in the CuO7 planes per substituted Pr ion becomes
localized is not readily apparent, but would presumably be associated with 1!15 Pr 4{-CuQ3
valence band hybridization. According 1o recent EELS measurements2Z of the O Is
absorption edge in the Yi,xl‘rxna;_(‘u}()-,_g system, the number of holes on the O sites is

hI}dcpcmlcnl of x, supgesting that the P’r jons localize, rather than fill, holes in the CuOg
planes.

Kondo Anamalies in the Low Temperature Specific Heat

In a metallic environment, the negative exchange interaction should give rise to the
Kondo effect in which a many body singlet state involving the mobile holes and the Pr 4f
electrons gradually forms as the temperature is lowered lhrouﬁl'\ the Kondo temperature
Tg. Indeed, Kondo-type anomalies have been observed!< in the specific heat of
Y 1 xPreBayCuyOq 5 compounds at low temperatures for Pr concentrations in the metailic
region ) < x €0.6. In the insulating region, specific heat angmalies associated with AFM
ordering of the Pr ions in a background of Cu2* AFM ordering are observed. The Pr
contribution to the low temperature specific heat, AC, of Y_4Pr,Ba;Cu307_5 compounds
with x = 0.2, 0.3, 0.4, and 0.6 between (.5 K and 10 K, obtained by subtracting the
specil’ici;eat of the YBapCuyO7_g background from the total specific heat, is shown in
Fig. 5.

The ACCT) data in Fig. 5 can be described by the sum of three contributions, a Pr
nuclear Schottky anomaly Cn(T), a linear term Cy (1), and a Kondo anomaly Cg(T); i.e.,

AC(T) = CNCT) + CL(T) + CR(T) )
The Pr nuclear Schottky anomaly is assumed to take the form

CN(T) = AT M
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Fig. 5. Pr contribulion to the specific heat AC vs temperatire T for Y, PryRagCu30q g with x < 0.6,
The inset shows AC/T vs T in a more extended temperature range for the sample with x = 0.6. The solid
fines represeat fits which include nuclear Schotiky, linear and Kondo contributions. From Ref. 12,

while the linear term is given by

CLM=yr (8)

For lhs_‘Kondo specific heat anomaly, we use an expression provided by a static scaling
maxdel +-

CK (1) = (/DA + (TSI &)
The parameter [J can be obtained from the entropy Ren (25+1) and is given by
D=0 -a)(2- )TIR(S + 1) (10)

where R is the universal gas constant and the spin S is taken to be 1/2, which is appropriate
for Pr ions which are tetravalent and have a doublet ground state in the presence of the
crystalline electric field.

Least squares fits of Egs. 6 - 10 to the AC(T) data for the Y ,Pr,BayCuyOq_5
specimens with x = 0.2, 0.3, 0.4, and (.6 are shown in Fig. 5 and are seen to give a good
description of the AC(T) data, For the Kondo specific heat anomaly, the best fits were
obtained with o = 3 and yielded values for Tg of 0.5, 2.1, and 15.4 K for x = 0.2, 0.3,
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and 0.4, respectively. ‘The x = 0.6 smmple was fitted with oc = 5 and Tg = 8.5 K. Eqgs. 9
and 10 were derived using the classical scaling hypothesis for second order phase
transitions, extended to negative values of the critical temperature Tg (in our case, T =
-Tg). With this description, the "critical exponent” o is restricted to values o > 2, 'f’lle
large value of o needed to fit the x = 0.6 AC(T) data may be related to interactions between
the P'r magnetic moments which become stronger in the insulating phase. The apparent
increase of T with x is noteworthy and may be due to an increase of the magnitude of the
Pr 4f-CuO7 valence band hybridization which results in an increase in Wi and, in turn, T
=~ Tpexp(- I/N(Ep)ldi), as well as interactions between the Pr magnetic moments. The
coelTicient y of the linear terin is of the order of 240 mJ/mole Pr-K2 for x = (1.2 and 0.3 and
100 mIfmolePr-K2 for x = (1.4 and (.6, reminiscent of heavy fermion behavior. The
existence of such a large linear "elecironic-like" contribution is surprising and not well
understood.®:12 The Pr contribution 1o the specific heat of the insulating samples with x =
.8 and 1.0, which lie in the insulating regine, can be described by Eq. 6, but with Cg (1)
replaced by an ATM magnon term of the form Cp(T) = M3 associated with the KI’M
order exhibited by the Pr ions,

‘ihe  Electron-doped System. Lny M, Cu0y, (Ln = Pr, Nd, Sm, Eu, Gd;
M = Ce, Th; y ~ 0.02) ;

Prior to 1989, the prevailing view was that the charge carriers responsible for
superconductivity in all high temperature superconducting oxides with T, > 30 K were
mobile holgs confined 10 the conducting Cu()4 planes, the basic building blocks of these
materials. However, this vigw has been challenged by the discovery of new
superconducting  materiais23-27 in which the charge carriers involved in the
superc%wlt_]clivily‘ appear to be electrons which reside within the conducting (.ZuO%
planes.~® These findings could have Iimportant implications regarding viable theories o
high temperature superconductivity and strategies for finding new superconducting
materials.

‘The new electron-doped superconducting materials are obtained by doping the parent
compound 1.nyC'u0y_y by a variety of means, which are categotized in Table 1 along with
the highest onset superconducting critical temperatures T, for each specific compound,
These dopings all appear o donale electrons to the CuO; planes from sites either within or
outside the planes, The first, and largest, group of these materials has the chemical formuia
Ling M, Cul )4",, where M4+ jans are substituted for Ln ions, thereby donating electrons
{from owside the CaQ)y planes, which resulls in T's as high as ~25 K for x ~ 0.13 and y =
(1.02. Syperconductivity has been discovered for M = Ce and Ln = Pr,25 Nd,25 Sm,25
and Fu,2? and for M ="Th and Ln = Pr,29 Nd,20 and Sm.30 A set w&th but one known
superconducting member, Ndz(,‘uo%,‘_yl’,. displays superconductivity 7 with T, =25K.
Here, F1- ions are substituted for Q% 1ons, either within or outside the CuQ4 planes. The
final, very recent, category contains compounds with the fonmula Nd,_ Cex(flll_,M'z()4_y,
where M' = Gad* (Ref. 31) or In?*+ (Rel. 32) ions substitute for Cui“ ions within the
Cu0); planes. For x+z = (.15, superconductivity has been observed with T, = 25 K.

T-x phase diagrams : Electronthole symmetry

‘The Lny_ M, CuQy., electron-doped supercenductors have the same chemical formula
as the Lag yM,CuOy,, h(ﬁe—dnped compounds, the class of materials in which evidence for
high T, superconductivity was first reported by Bednorz and Miiller.! Whereas the
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"T-phase” structure which is simifar except that the copper ions are surrounded by an
octahedral arrangement of oxygen ions.

There are also striking similarities between these two systems. Both parent
compounds are antiferromagnetic insulators in which the Cu2+ magnetic moments order
anliferromagneticaily befow ~300 K (Refs. 33 - 36) and ~280 K (Ref% 2, 33) for the
T-phase and T'-phase compounds, respectively. As more charge carriers in the CuQ,
planes are genermed by i mcreasmg the dopant concentration x, each material evolves from
an insulator into a metal, the Cu2* anuferromagnelmn is quppresqed and each compound
becomes %upercnnductmg with a maxithum T, and maximum flux expulsion (Meissner
effect) at x ~ (.15,

These results suggest there is an electron-hole symmetry in the occurrence of the
insulator-metal transition, magnetism, and superconductivity in copper oxides as a function
of the concentration of charge carriers in the CuO; planes. This is illustrated in Fig. 6
where the temperature-—-dopant concentration (T-x) phase dlagrams delineating the regions
of superconductivity and antiferromagnetic ordering of the Cu2* ions are displayed for the
hole-doped Laj_,5r,Cu0Oy_, and cleciron-doped Ndy ,Ce,CuQy_y systems. The super-
conducting phase boundarigs for the Lay xSr,Cu0Oy_y and Ndjy_ ,échuO4_y systems are

ELECTRON-HOLE SYMMETRY (QUALITATIVE)

Metallic «——— Insulating —— Metallic
Eleciron-doped T(K) Hole-doped
Ndg.xCeyxCu04q.y Lap.(SryGuOy.y

t -
'

P-type ! N-type

“ AFM ' ]
1
sG :
SC !

03 02 01 0 01 02 03 04

Goncentration x in Lng_yMyCuQy4.y

Fig. 6. Temperature-dopant concentration (T-x) phase diagram delincating the regions of superconductivity
and antiferromagnetic ordering of the Cu* jons for the hole-doped Lay_y SryCu0y4.y and electron-doped
Ndp Ce Culy_, systems. The symbols AFM, 5G, and SC denote anufem)magnetm. spin.otagy, and
superconducting pﬁaeee respectively.
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octahedral arrangement of oxygen ions.

There are also striking similarities between these two systems. Both parent
compounds are antiferromagnetic insulators in which the Cu2+ magnetic moments order
anliferromagneticaily befow ~300 K (Refs. 33 - 36) and ~280 K (Ref% 2, 33) for the
T-phase and T'-phase compounds, respectively. As more charge carriers in the CuQ,
planes are genermed by i mcreasmg the dopant concentration x, each material evolves from
an insulator into a metal, the Cu2* anuferromagnelmn is quppresqed and each compound
becomes %upercnnductmg with a maxithum T, and maximum flux expulsion (Meissner
effect) at x ~ (.15,

These results suggest there is an electron-hole symmetry in the occurrence of the
insulator-metal transition, magnetism, and superconductivity in copper oxides as a function
of the concentration of charge carriers in the CuO; planes. This is illustrated in Fig. 6
where the temperature-—-dopant concentration (T-x) phase dlagrams delineating the regions
of superconductivity and antiferromagnetic ordering of the Cu2* ions are displayed for the
hole-doped Laj_,5r,Cu0Oy_, and cleciron-doped Ndy ,Ce,CuQy_y systems. The super-
conducting phase boundarigs for the Lay xSr,Cu0Oy_y and Ndjy_ ,échuO4_y systems are

ELECTRON-HOLE SYMMETRY (QUALITATIVE)

Metallic «——— Insulating —— Metallic
Eleciron-doped T(K) Hole-doped
Ndg.xCeyxCu04q.y Lap.(SryGuOy.y

t -
'

P-type ! N-type

“ AFM ' ]
1
sG :
SC !

03 02 01 0 01 02 03 04

Goncentration x in Lng_yMyCuQy4.y

Fig. 6. Temperature-dopant concentration (T-x) phase diagram delincating the regions of superconductivity
and antiferromagnetic ordering of the Cu* jons for the hole-doped Lay_y SryCu0y4.y and electron-doped
Ndp Ce Culy_, systems. The symbols AFM, 5G, and SC denote anufem)magnetm. spin.otagy, and
superconducting pﬁaeee respectively.
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from Torrance et al.37 and Ayoub et al,, 38 respectively, while the magnetic glgagg
boundaries are based on muon spin relaxation studies by Uemura and coworkers.33,
The regions in the figure denoted "N-type” and "P-type"” refer to electron and hole carriers,
respectively, as inferred fi 31 the sign of the Hall coefficient measured on ceramic samples
between 80 K and 300 K.39,40 The symmetry in the crossover from N- to P-type and P-
to N-type as a function of dopant concentration for the electron-and hole-doped systems is
particularly striking. It is interesting that recent Hall effect measurements on
Ndy_,Ce,CuOy.y, single crystals yield 2 Shange from negative 1o positive Hall coefficients at
low temperatures in some specimens, ! indicating that the interpretation of Hall effect
measurements in these materials is probably not straight forward.

The concentration rgggc within which superconductivity occurs in the electron-doped
Nd2_xC% CuQy.y system~% is mauch narrower than that of the hole-doped Lay_,Sr,CuOy.
system- T Tnid may be related to the persistence of Cu-Cu antiferromagnetic (AEMé
correlations to much higher dopant concentrations in the c%ectmn-dopcd materials34-
compared to the hole-doped Lay_,Sr,CuOy4 compounds.42 in a localized picture, such
behavior can be qualitatively understood as follows. A doped hole, with appreciable
oxygen 2p character and an associated spin may result in "spin frustration” for its two
neighboring Cu2+ ions, leading to a rapid suppression of Cu-Cu AFM spin comrelations
with increasing doping; electron-doping, on the other hand, may predominantly result in
the generation of Cul* and thus sitply provide non-magnetic dilution, with an expectedly
weaker effectd3 on the copper Néel temperature,

There is still considerable confusion in the literature regarding whether the charge
carriers involved in the superconductivity of the electron-doped Ln; ,M,CuOy.
camponng% actually are electrons. For example, x.ray photoemission spectroscopy

(XPS)34,43 and x-ray absorption shectroscopy 5)6)\8)“6 studies indicate increasing Cul*
wilhdgcg;ing, while other XPS*/ and XAS%® studies find no evidence for Cul*,
XPS4/y

9 and electron energy-loss spectroscopy 0 experiment suggest the presence of
oxygen 2p holes. Furthermore, a band structure calculation?? shows only a simple
structure near the Fermi level, which is crossed by a single free-eleciron-like Cu-('z)
antibonding dpo band. Finally, a recent resonant photoemission spectroscopy studyd
reveals that the Fermi level lies in states that fill in the x = (¢ insulator gap.

A related question is qw possible intennediate-vaient nature of !hg Ce dopant ions.
XAS,46 x-ray diffraction,>3 and combined x-ray diffraction and XPS 4 investigations
concluﬂsg Ce valence intermediate between +3 gnd +4. However, two core-level XPS
studies?¥:35 and a composition-dependent study38 of Lnp xM,Cu0y_y for M = Ce and Th
indicate that Ce displays simple tetravalent behavior,

Gd as a Probe of Copper Antiferromagnetic Order

Although Gdy.,M,CuOy._y forms the T'-phase crystal structure, superconductivity
has not been found in this systern. This could be due to the smaller size or larger magnetic
moment of Gd3* compared to the lighter trivalent lanthanide ions. Another possibility is
that the antiferromagnetic (AFM) correlations between the copper ions which suppress
superconductivity are larger in this system. This might occur if a sufficient amount of
oxygen could not be removed in the final reduction anneal. A slight oxygen deficiency is
necessary to induce superconductivity in the electron-doped compounds, which might also
destroy the Cu AFM order. Indeed, the final reduction anneal for Gdy M, CuOy.y is
limited to less than ~825 °C, lower than for the other Lu's; higher reduction temperatires
introduce imfurily phases. For such a reduced Gd; gsCeq 15CuOy.y sample, Cu AFM
order occurs3? below ~150 K.
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Although not m!{}er(‘fmduc(ing, the Gdp_,M,Cuy4.y system exhibits a rich variety of
magnetic phenomena3.30.36 including Cu AFM order in the basal plane, Gd AFM order,
and weak ferromagnetic (WFM) behavior which is induced by application of a small
magnetic field in the basal plane direction below the Néel temperature Tpy of the Cu
moments. The onset of WFM at Ty results in a jump in the magnetization M at Ty, This
can be understogd in terms of gn antisymmeltric exchange interaction, as discussed by
Dzyaloshinski?/ and Moriya,?8 in which a field-induced canting of the ordered Cu
moments in the basal plane results in an increase in the effective magnetic field at the Gd
site, thereby producing the jump ip M. This WEFM behavior is not seen in the La = Pr, Nd,
or Sm Ly , M, CuQy.y sysiems;?” however, it is seen in mixed (Ln,Gd); xCeyCuQy.y
systems with sufficient Gd concentration.

We have recently attempted to utilize the jump in M associated with the WFM
behavior to determine the copper Ty in various electron-doped systems by doping with a
small amount of Gd, which serves as a probe of the magnetic environment, and measuring
the temperature at which there is a jump in the magnetization. Since only a small amount of
Gd is necessary 1o produce a measurable jump in the (Eu,Gd),_,Ce,CuQy.,, system, we
performed a series of experiments on (Evy g.,Gdg.2)Ce,Cu0y_y to obtain Ty vs Ce
concentration x. We found that Ty drops with incgeasing x, similarly to Nd;_,Ce, CuOy,
as determined from zero-field SR measurements,”* but.our samples showed a saturation
of Ty with x a1 ~150 K near x =0.15. We were unable (o induce superconductivity in any
of these samples; it is difficult 1o make Bu) g5Ceq 1 5Cu04.y superconducting. It would be
interesting to see il Ty vanishes when superconduclivily appears,

Since Ndp_ ,Ce,CuQy_, has superior superconducting properlies ameng the
electrmvdope& compoumnds, we performed similar experiments on the
(Nd.(}(l);,(,‘.e,‘Cu(h‘y system. However, we could not measure T vs Ce concentration
because the WM behiavior disappears completely, even with optimum Ce concentration of
0.15, for Gd concentrations less than ~65%, We therefore decided to study
superconductivity, Cu AFM order, and WFM as a function of Gd concentration. The
resulis of this study are summarized as a temperature - Gd concentration (T-x) phase
diagram shown in Fig, 7.

In Fig. 7, the Uriangles represent resistively determined Tg's of
(Nd | g5.,Gd,)Ceq 15Cu04., compounds. Superconductivity is completely supressed
between 30% and 65% Gd substituted for Nd. The closed circles represent temperatures at
which anomalies are observed in the magnetizalion for various Gd concentrations x for
Nd, ,Gd,CuQy_,, whereas the squares depict anomalies for Ce-doped
(Ndl'ss_x(}(l,‘)(fco.|5(yfu()4_v. The magnitudes of these anomalies decrease as x decreases
from x = 2. Open symbols indicate Gd concentrations in which the anomalies are no
longer discernible. The cireles at 280 K represent the copper Néel temperatures of the
Ce-undoped system. This Cu AFM order seems to be universal among the p'\ient
compounds; its existence in NdyCu()y_, has been verified by uSR meas'urements;j as
represented by the open circle at 280 K for x = 0. We assume it also exists for intermediate
Gd doping as indicated by the dotted line at T = 280 K. The circles at lower temperature
correspond to cusps in M which seem to be related to a reduction in the WIFM behavior;
circles at 20 K represent cusps associated with complete disappearance of the WFM
behavior.

Gdy g5Ceq 15Cu04.y has previously been shown33:57 g exhibit Cu AFM order at
150 K. As seen n Fig. 7, the anomaly due to Cu AFM order is somewhat depressed in
temperature as Nd is substituted for Gd, although a concomitant broadening of the anomaly
wakes it diffigult 1o extract Tyy. Similar to the Ce-undoped system, lower temperature
cusps associated with a reduction and disappearance, respectively, of the WFM behavior
are observed. Ilere we see another exampie of separation between Cu AFM order and
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Fig. 7. Temperalure-Gd concentration (T-x) phase diagram of (Ndy_ ,Gd,)Cu0O4_, and
(Ndy g5.x0dy)Ceq 1 5C u04_ Triangles represent the 50% resistive T's for the Ce-doped compounds.

Vertical bars on these points reprereenl the 10% - 90% transition wndlhs Filied squares (Ce-doped) and
circies (no Ce) represent lemperatures at which anomalies are observed in the low-H magnetization M as
described in the text. Solid lines are guides 1o the eye. Not shown are Néel lemperatures for AFM ordering
of the Nd and Gd ions which are less than 7 K,

superconductivity, although the precise behavior of the magnetic phase boundary is
difficult to determine in this system by this method.

Pressure dependence of T, : Electronthole antisymmetry

The pressure dependence of T of the electron-doped superconductors differs
significantly from that of their hole-doped counterparts. In the hole-doped super-
conductors, an increase ?f Tc with nearly hydrostatic pressure below ~20 kbar has
generally been reported. O However, for the electron-doped syqteén both an sbsence
of a pressure effect 9 or, at most, a small positive pressure effect? i e have been
reported for Ndj g5Ceq. 15Cu04 - while 2 small, negative pressure effect? has been ob-
served for Nd| 85Th0 15Cll e

An extensive study®® of the pressure dependence of T, for all seven known
cation-substituted electron-doped superconductors Lng_, ,(Cu04 .y Teveals that except,
perhaps, for the highest- T specimen, dT./dP is negative. This is in sharp contrast to the
pom:ve values of dT./dP observed for the hole-doped copper-oxide superconductors. In
Fig. 8, the relative rate of change of T, (defined as the tlemperature at which p drops to
90% of its maximum value just above(;lc) with pressure, dinT/dP, is plotted versus Tg.
The right scale of the fipure expresses the results in terms of dInTC/(IInV, which is more
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Fig. B. Relative rate of change. of T (90% point) with applied pressuce P, dinT/dP, as a function of T for
the clectron doped mmrrrnmhuctnﬂ Inset: Same data plmted logclher with gsimilar data for hole- dnpcd
superconductors from Rel. 65, ( O : La-based “214", : R-based "123", and x : Bi-Sr- and
TI-Ba Ca-Cu-0y materidls.) From Ref. 66,

accessible to theoretical models, 60 g,;ndcr the assumption that the bulk modulus has a value

B ~ 1600 kbar, as for La;,Cu04.67 Several important points warrant attention. Most

notably, the dIn'T /P data are predominantly negative, in contrast to the general trend for

the hole-doped copper-oxide superconductors, shown in the inset of Tig. 8, although the

shapes of the curves are similar for both systems. For a successful theory of

superconductivity in the copper oxides to encompass both systems, this antisymmetric
. pressure dependence of T, must be accomodated.

The magnitude of dtn T/dP is small for samples with T, near the maximum value
obtained (or the electron-doped materials (T, = 24 K); however, for low T_ values,
ld!n’l‘cldl’l can he quite large, similar to the maximum magnitude observed in the
hole-donped compounds. These large values cannot be explained in the framework of the
BCS theory with electron-phonon interaction. 00 Finally, the fact that dInT/dP becomes
very simall near the highest T so far obtained in both electron- and hole-doped materials
may indicate that clectron-doped compounds have a maximuom T, = 25 K.
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Anisotropic upper critical field of Smy gsCeq 15CuCy., o Interaction between
superconductivity and antiferromagnetic order '

Recently, the temperature dependence of the anisotropic upper eritical field Hep(T)
was determined resistively for single crystal specimens of Lny ,Ce,CuQy o for Ln = Nd,
x = 0.14 (Ref. 68) and Ln = Sm, x = 0.15 (Ref. 69). The I, vs 1 data for the
Smy g5Ceq 15Cu04.y single crystal reveal an enbancerment of Hey(T) below the Néel
temperature Ty wheére the Sm?* jons undergo an AFM transition, providing the first
cvidence in high T, copper oxides {or the interaction between superconductivity and AFM
ordering of L.n ions. This observation could be helpful in identifying the superconducting
electron pairing mechanism in the family of electron-doped superconductors.

The temperature dependence of the electrical resistivity p in the basal plane for a
Smy g5sCeq 15Cu04., single crystal exhibits metallic behavior which is similar to that
recently reported for a Ndy g4Ceq 16Culls., single crystal, 8 reminiscent of ordinary
tnetals and qualitatively different from that of hole-doped superconductors. The
superconducting transition temperature T, defined as the temperature at which p drops to
50% of its extrapolated normal state value, is 11.4 K, while the 10%--90% transition width
is 2.7 K.

With increasing applied magnetic lield, there is a striking parallel shift of the
transition curves 1o lower temperatures for both Il directions; the transition widths remain
essentially constant as in conventional type Il superconductors. In contrast to other high-T,
cuprates where the determination of Hgy is complicated by substantial field-induced
broadening of the resistive transitions, presumably due 1o dissipative flux motion?% or to
fluctuation effects,? in this case Hy is well defined.

The H.9(T) curves oblained from the p(T,H) data reveal a large anisotropy with Hyp
largest for I L ¢, typical of layered compounds.  Tor T L ¢, the FI (1) curve exhibits a
slight upward curvature near 1 the initial slope (- dH/d'T), estimated by ignoring this
curvature, is 3.6 T/K. For Hlce, Ho(1) exhibits positive curvature throughout the whole
ternperature range with initial stope (-dH2/dT) = 0.1 /K, as estimated from the data
below 11 K. For H L ¢, the steep slope of 119(T) and the higher temperatures imply that
paramagnetic effects are small, and the weak coupling formula’2 can be used to estimate
Hoo(0) = - 0.69 T (dH ofd T)pore = 28.2T. For T |e, the extrapolated value Hp(0) =
5.53 T, can be used as justified below. The Ginzburg-Landau coherence lengths deduced
from these H.»(0) values are E,, = R0 A and E. = 15 A. The anisotropy factor is about 5
and results in an effective mass ratio my/my, = 29. ‘This intrinsic anisotropy is smaller than
found in Ref. 68; the large factor (~21) determined in that study is most fikety an artifact of
the magnetic pair breaking contribution of the Nd** ions, similar (o that of the Sm** ions
discussed below. Of particular importance is the large value of the coherence tength within
the Cu(), planes whig‘th increases the pinning energy according to the scaling theory of
Anderson and Kim/’3 and could account for the parallel shift behavior of the resistive
transitions, Corresponding values of &g, in hole-doped copper oxide superconductors
range between 13 and 40 A. Positive curvatures in H 2(T) curves have heen widely
reporled in high-T, cuprates and generally accounted for by flux creep dissipation or
Muctuation effects; however, these effects are usually accompanied by resistive broadening
not observed here.

In Fig. 9(a), normalized Tlo(T) daa for Smy g5Ceq 15Cu0, ; (Ref. 69) and
Ndy g4Ceq,16Cu04.y (Ref. 68) single crystals are plotied versus reduced temperature T/Ty,
for IIT! c. T'wo extraordinary features are found in this plot. First, the normalized 1 o(T)
data for both systems scale with T/T,, for T/T, > (0.5 and consequently, can be describeé by
a single equation, Hep(T) = T () (1 - TP, Second, there is a sudden departure of
the Smy gsCeq 15Cu0.y Hea(T) data from the behavior predicted by this scaling and
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Fig. 9. (3) Mormalized upper critical magnetic Tield ch('r)m*cz(n) vs teduced temperature /T, lor
Smy g5Ceq, 15C 004y and Ny g4Ceg |4Cu04.y (Rel. 68) single crystals for H He where HT (303 equals
183V and 7.0 T, respectively. (b) Magnetic susceptibility x vs T/T for S"‘I.BSCCU.ISC"Od-y single
crystais measured in an applicd magnetic field of 17 parallel to the c-axis. From Ref. 69.

followed by the Ndq gaCeqy 160004,y Hea(T) data for T/T, < €15, This increase in H (1)
correlates with a sharp drop near Ty = 4.9 K in the static magnetic susceptiblity for 11} ¢,
shown in Tig. 0. Unequivoeal evidence for bulk long-range antiferromagnelic ordering
of the Sim™ ions along the c-axis near Ty has already been found in specific heat and
magnetic susceptibility measurements on both single crystal a_nél polycrystailine specimens
of Sy CoOy and superconducting Simy g5Ceq 50t !4_y.7'1- 75 “This, along with the fact
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that Ty in the Smy gsCeq ;5Cu04.y single crystal does not vary significantly with applied
magnetic fields to 4 T, demonstrates that the peak in the magnetic susceptibility shown in
Fig. 9(b) is associated with the antiferromagnetic ordering of Sm3+ ions along the c-axis.
The effect of magnetic ordering on the upper critical field in Smy gsCe 15CuOy.y clearly
indicates that there is a significant interaction between the rare em'llh magnetic moments and
the superconducting charge carriers.

In the context of the multiple pair-breaking theory, the anomalous increase in H (T)
for M ilcin Smy gsCeq 15Cu0,.y can be explained in terms of a reduction of the
magnetization and, in turn, of the exchange field associated with the Sm spins and a
corresponding decrease in its pair breaking effect on the conduction electron spins through
the Zeeman interaction. In order 1o deduce the exchange coupling, the orbital critical field
Heo*(T) has been approximated by Hep*(T) = Hep*(0) (1 - 17T )P and required to satisfy
Hey () = Hep(D), since the Sm3* magnetization at T = 0 will be zero for IT|lc. Estimating
the exchange field Hy(T) due to the Sm3* jons at the Néel temperature Ty where it is
maximum /Y yields Hy(Ty) = 90 kOe (160 kOe), corresponding to an exchange coupling
constant J = 60 meV (110 meV), for f§ = 2 (1). This is abowt a factor of four greater than
that observed in SmRhyBy, and reflects a stronger rare-earth-conduction-electron coupling
in the layered copper-oxide compound.
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