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Magnetism and superconductivity in Pr Yq BaqCusoq
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Using a model of trivalent Pr ions in Pr Yq Ba2cu307 with a crystal-electric-field level structure
where the three lowest singlets are separated from the others by a large gap of about 500 K, we
show that it is possible to account both for the low-temperature staggered magnetization of the
antiferromagnetic ordered Pr ions and for the high-temperature magnetic susceptibility. We discuss
the suppression of superconductivity by the magnetic moment of Pr + and show the importance of
the antiferromagnetic exchange interactions for pair breaking by ions with singlet-level structure.
Exchange-interaction parameters are evaluated.

I. INTRODUCTION

The phase diagram of Pr, Yi,BazCusOq shows that
Pr ions destroy superconductivity of the 1:2:3compound
[T,(x =0.5)=0] and that the antiferromagnetic (AF) or-
der of the Pr subsystem starts to build up for x )0.5
reaching at x = 1 the maximum Neel temperature
of 17 K.i z As shown by neutron scattering the zero-
temperature magnetic moment of the Pr ion at x = 1
is 0.74ys, s while its high-temperature moment is about
2.9ps (less than the Prs+ free-ion value of 3.58ps and
more than the Pr4+ value of 2.54pB).i 4 s In the region
of x =0.5 the metallic character of the conductivity be-
comes more like that of a semiconductor. s This unique
behavior of the Pr ions in the 1:2:3 compound raises

many questions both on the microscopic and the phe-
nomenological levels. Suggestions of trivalent, tetrava-
lent, and mixed valency of the Pr ions have been made
on the basis of various experiments (see, e.g. , Refs. 6 and
7). Band-structure calculationss as well as high-energy-
spectroscopy experiments favor the Pr + description. It
is obvious that because of the singlet character of Pr +

states in the orthorhombic crystal electric field (CEF)
its effects are significant both for magnetic properties
and pair breaking. Recently Goodman et al.s demon-
strated by inelastic-neutron-scattering measurements to-
gether with extensive calculations of the CEF states that
Pr is trivalent in Pr Yq ~BagCu307. The main feature
of the CEF spectrum of Prs+ is a gap of about 500 K
which separates the three lowest singlets from the rest of
the singlets. The energy differences between these three
singlets are an order of magnitude smaller than the gap
energy. Goodman et at.9 showed that the CEF naturally
explains the high-temperature magnetic moment, which
determines the Curie-Weiss susceptibility. In their anal-
ysis, however, the exchange interaction between the Pr
ions is not taken into account, so the AF order of the Pr
ions needs explanation. Besides, the inelastic-scattering
peaks for the transitions between the lowest states are
too broad and of too low intensity to serve as a reliable
source of information about the two lowest-energy split-
tings. These small splittings control the onset of the AF

ordering and the value of the staggered field for a given
exchange interaction. These splittings are also of concern
for pair breaking because Prs+ ions may destroy the su-
perconductivity via the Abrikosov-Gor'kov mechanism. 'o

As shown by Keller and Fulde, when T, (x) is less than
the separation between singlet states the nonmagnetic
character of the latter makes pair breaking nonefFective,
causing long tails in the T,(x) curve while the experi-
ments show an abrupt decrease in the T,(x) curve We.
suggest here that the AF interaction between the Pr ions,
which causes the AF ordering at low temperatures, is also
important for the explanation of the pair-breaking T,(x)
curve for x &0.4.

We use the two energy separations between the lowest
singlets as parameters that, together with the exchange
interaction, give a fair fit to the temperature dependence
of the AF ordered magnetic moment and to the high-

temperature magnetic moment. The same parameters
are used for calculations, in accordance with experiment,
of T,(x) The magn. etic susceptibility in the whole range
of temperatures is also calculated. The last cannot be fit-

ted to experimental data for T (T~.i s 4 The reason for
this discrepancy is not understood yet but it is plausible
that this part of the susceptibility is caused by some kind
of impurities that dominate over the AF susceptibility of
the Prs+ ions.

II. ANTIFERRQMAQNETISM

In order to treat the antiferromagnetic order at low

temperatures we consider the following Hamiltonian for
the subsystem of the Pr ions:

1
'Mp, = 'Ro ——) J;~S, S~,

where 'Ho is the single-ion Hamiltonian that contains also

the crystal electric Geld and the spin-orbit interaction,
S, is the total spin of the Pr ion at site i, and gs is an
effective exchange interaction between the Pr ions.

In the random phase approximation (RPA) we assume

an efFective field H, tr(q) = P(q) (S(q))jy~ acting on ev-
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ery Fourier component of the spin. J'(q) and $(q) are
the Fourier transforms of the interaction and the spin,
respectively.

The level structure of '80 consists of three lowest levels
separated from the rest of the levels by a gap of about
500 K. At low temperatures, T & T~, we neglect all but
the three lowest levels. As proposed by Goodman et al. ,

s

the states are ~Fq), ~F4), and ~F2) with energies 0, 1.4, and
3.8 meV, respectively. The nonvanishing matrix elements
of S, as calculated with the CEF parameters of Ref. 9
using the 33 lowest levels of Prs+ (L = 5, S = 1) are
M. -=(F,~S.~F,) = -0.51, M„ = (F,~S„[F4) = -0 49i. ,
and M, =—(Fq~S, ~F4) = 0.50. As may be shown these
are not sensitive to small changes of the CEF param-
eters that preserve the gap of about 500 K. The mea-
surements indicate that the c axis (z direction) is the
AF staggered field direction. s With ~Fq) as the ground
state of the Prs+ it is impossible to fit the experimental
values both of T~ and the staggered ordered moment

(p)~ c. To meet the experimental demands the ground
state must be connected by the matrix element M, to
one of the two upper singlets, so the ground state may
be ~F2) or ~F4). Only in the case when the staggered
field is in the a bplane -the assignment of ~Fq) to the
ground state would be in agreement with the AF data. s

We define the energy splitting AEl = E(I'2) —E(I'4) and
bEg = E(Fq) —[E(F2) + E(F4)j/2. Using the RPA in
the usual way and taking into account the disorder in the
simplest possible way we obtain for x &1 the equation for
the susceptibility y» (p, = x, y, z) for T )T~.

X'.(T)
1-*~(q)X' (T)/G'~' '

where y„„(T) is the single-ion susceptibility and G„ is
the proportionality coefficient between the nonvanish-
ing matrix elements of L„+2S„and S„ for the three
lowest ~F„) states (n = 1, 2, 4). In the present case
G„gJ/~gq —1~ = 4 is almost y, independent, gq is
the Lande factor for the J = 4 multiplet of Prs+. go, (T)
is given by

2 sinh PbEl/2 G,pE[M, ~

e / & + 2cosh phEI~/2 b,E~~/2

with P =1/T
To obtain the equation for TN we require that the

denominator in Eq. (2) will vanish for q
(vr/a, m/b, z/c) which is the wave vector corresponding
to an antiferromagnetic order:

xZ(Q)X'..(TN)/G'. VE = 1 (4)

(p, )z is equal to (S,(Q))~ multiplied by the factor G,.
For T ( TN it is determined self-consistently by solving
Eq. (4), replacing T~ by T and AE~~ in Eq. (3) by 6E' =

E~~ + 2 Mz z z' t x = 1 an T = 0

we obtain an equation for (S,(Q))~.

&&)/»(4) = 1M*I'Q~ —(~*)40/1M*I' (~)

Figure 1 shows (p„)z~ versus T at x = 1 for EEl =
5.5 meV, EE~ = 3 meV and J'(C})=10.7 meV. These
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FIG. 1. The square of the staggered moment of a Pr +

ion as a function of temperature at 2: = 1. The solid line is
the RPA calculation as explained in the text and the points
are from Ref. 3.

X(T) = Xo+ T'" 8, (6)

where yo is a van-Vleck susceptibility due to the high-
energy levels (we calculated yo = 10 s emu/mol). The
Curie-Weiss part in Eq. (6) comes from the lower three
levels. p,g = 2.93pE is in accordance with experiment,
and 8 is a sum of the contributions of the CEF split-
ting and the AF interaction through J'(q = 0): 8 =
HGEF + HAF, where HcEF = 10 K and HAF = 2~J (q =
0)( Q ~M, ( /3 P (M~(2 for i = x, y, z. To obtain the ex-
perimental value of the susceptibility 8&F must be of the
order of HcEF

Measurements of the susceptibility at T ( TN show
a Curie-Weiss-type increase. ~ s 4 This is contradictory to
the calculated AF directionally averaged susceptibility,
which shows a small cusp and a saturation toward zero
temperature. We believe that the low-temperature in-
crease of the susceptibility comes from uncontrolled im-
purities beyond the Pr + system.

III. PAIR BREAKING

To explain the suppression of superconductivity we use
the Abrikosov-Gor'kov mechanism of pair breakingm as

parameters were chosen so that by preserving the gap
of about 500 K the experimental values of (y„)z
0.74pE and T~=17K are obtained with Eqs. (4) and (5).
The calculated (p, )z curve in Fig. 1 resembles a typical
mean-field (MF) behavior. Of course fiuctuations have
to be taken into account in a more accurate calculation.

From the phase diagram, ~ 2 the Pr-ion Neel tempera-
ture falls down to zero at x =0.5. To explain TN(x) we
solve Eq. (4) for x &1. We observe that to obtain in our
model TN(x = 0.5) = 0 the interaction g(Q) for x = 0.5
has to be twice larger than for x = 1. This may be ex-
plained by the increase of J' because of the appearance
of additional Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction at x &0.5.

The high-temperature susceptibility for the powder at
b,E~~ && T & hs, F may be written as
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formulated by Keller and Fulde~~ to include the CEF.
The Hamiltonian is now written

8 —Hy&p + Rz ) ) J e S~ cJ~pcg col p,
i k,k'

T . 1

r ~~m
y,=zyz & rn

(9)

Here the gap b, is determined self-consistently as in Ref.
11 and 7 ~ = xN(s~)z J~/2y~&, where x is the concen-
tration of the Pr ions and N(s~) is the density of states
at the Fermi surface. In Eqs. (8) and (9) u„= 2+T(n+ 2)
are Matsubara frequencies. Q„and b,„are averages of

2„(p) and b,„(p) over p. The last are related to the
Nambu representation of the Green's function g(p, u„):

~~~ (p) —&~ & (p)
(p ~n) —

I b (p) i~ (p) + s (10)

where 'H p„and 'M, are the Hamiltonians of the subsys-
tems of the Prs+ ions and the conduction electrons, re-
spectively. R, contains also an effective attractive pair-
ing interaction between the electrons. The last term con-
tains an exchange interaction J between a Prs+ spin 8;
at site i and the spin of the conduction electrons. cz is
a conduction-electron creation operator and n p are the
Pauli matrices.

Following Ref. 11, but using a wave-vector-dependent
Stoner-type susceptibility [Eq. (3)] we arrive at the fol-

lowing equations for T = T,(z):

T - 1
~n, = ~ra+ ) ~ ) X»(~~ ~m~ 2:)sgn(Cdrn),

p=z, y, z & m

romagnetic order at x =0.5. The integral in Eq. (11)will
be enhanced appreciably for 2: )0.4 if there is a nesting
of the vector Q = (vr/a, 7r/5, m/c) on the Fermi surface.
When the subsystem of Pr ions tends toward antiferro-
magnetic order its susceptibility for wave vectors close to
Q increases significantly and electrons will be magneti-
cally scattered from one part of the Fermi surface to the
other.

We have done the numerical calculations of the func-
tion X{ur, 2:) using Eq. {11)and setting J'(Q, z ( 0.5)=20
meV, in accordance with Sec. II. The significant contri-
bution to X comes from J'(q = Q), and we have used

g(q) = 2J~N[cos(q, a) + cos(q„b)] where g~N stands for
the nearest neighbor interaction; —4+gN = g(Q) and
the much smaller interaction in the z direction was ne-
glected here. The T,(x) curve is then calculated with the
help of Eqs. (8) and (9) in the same way as in Ref. 11. For
the calculation of X(u, x) we have used the Fermi surface
calculated by Pickett~~ for the YBasCusOq compound.
Only the parts of the Fermi surface arising primarily from
the relevant Cu02 layers were taken into account and we
used N(s~)=2. 5 states/eV cell calculated for the layers'
density of states. s Note that there is no appreciable dif-
ference in the Fermi surface of the Y and Pr compounds. s

Figure 2 shows the results of the numerical calculations
of T, (2:) for the Abrikosov-Gor'kov model of paramag-
netic impurities with a degenerate ground level J = 4,
for the model of Keller and Fulde for paramagnetic im-

purities with CEF split levels as proposed in Sec. II, and
for our model with the same parameters. A quite good
fit to the experimental curve of T,(z) is obtained in our
model for J = 80 meV. Note that N(sF) Js = 16 meV is
of the order of RKKY contribution to g(Q) for x(0.5.
As can be seen in Fig. 2, the Abrikosov-Gor'kov curve
can also explain the behavior of T, (x) but the degenerate
ground state is not consistent both with the explanation
of the magnetic properties and the neutron-scattering ex-
periments.

X»(u, z) in Eqs. (8) and (9) is an average of X»(p-
q, +) over the Fermi surface:
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X»(q, ~) is the dynamic susceptibility which is ob-
tained from the static one [Eq. (3)] by the RPA-MF as
in Ref. 11.

Equations (8) and (9) are similar to the equations ob-
tained by Ref. 11, except that the equations of Ref. 11
contain a paramagnetic susceptibility which is indepen-
dent of 2;, while in our case there is an additional x de-
pendence through X(~,x) which is caused by the antifer-
romagnetic interactions between the Pr ions. The sus-

ceptibility X(q, v = 0) diverges with the onset of antifer-

0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

FIG. 2. T,(x) from experiment (Ref. 2) and from calcu-
lation for three models: Abrikosov-Gor'kov (AG) —without
CEF splitting, for the multiplet J = 4, using N(sy) J =10
meV (J = 63 meV), Keller and Fulde (KF) and our antifer-

romagnetic model (AF). The two latter were calculated for

the CEF levels given in Sec. II, and the exchange parameters
J = 80 meV and +=20 meV.
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IV. CONCLUSIONS

The behavior of Pr + in Pr Y~ BagCu307 is char-
acterized by two main features: a small magnetic mo-
ment of the single ion due to a CEF and relatively
strong exchange interactions which lead to antiferromag-
netism and pair breaking. The CEF effects are common
for many RBa2Cus07 compounds (R=Ho, Er,Dy, Nd), s ~s

and they are well established by inelastic neutron scat-
tering. In this sense Prs+ is not an exception (apart
from its weak neutron-scattering lines). The key ques-
tion in the Pr Yq BazCus07 problem is about the rea-
sons for the large exchange interaction compared to other
rare-earth ions and for the metal-semiconductor transi-
tion at z = 0.5. The present bands and semiempirical-
molecular-orbital calculations~4 show that the Prs+ f
electrons are highly hybridized with the oxygen elec-
trons in the CuOz planes. But what the mechanism
is for the exchange interaction and its change with x
when z )0.5 is not clear yet. The problem of the large
exchange AF interaction cannot be avoided if one uses

a model of Pr +. Furthermore, we examined a Pr4+
model and found that because of the Kramers charac-
ter of Pr + its zero-temperature staggered magnetic mo-
ment (for TN=17 K and the appropriate scaled CEF)
will be twice larger than the experimental value. We
have attributed the suppression of superconductivity to
a magnetic pair-breaking mechanism. It is possible that
change in Pr-ion concentration causes relocation of the
holes in the 1:2:3compound between the planes and the
chains~s which will also lead to the suppression of super-
conductivity. What we have shown here is that due to
the antiferromagnetic exchange interaction between Prs+
ions the singlet level system is effective in the suppression
of superconductivity in the whole range of T,(x) &0.
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