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The magnetic order of Pr in nonsuperconducting PrBa;Cu3O- has been studied by specific-heat,
susceptibility, and neutron-diffraction measurements. The basic ordering consists of a simple anti-
ferromagnetic arrangement, with a saturated moment of 0.74up and a Néel temperature Tn of
~17 K, which is two orders of magnitude higher than expected from either dipolar or Rudeman-
Kittel-Kasuya-Yosida interactions alone. The small moment, along with the large value of the
low-temperature electronic specific-heat coefficient y of 196 mJ/moleK?2, suggests that there is

substantial f-electron character at the Fermi level.

Some of the very first experiments on the Y; - R, Ba-
Cu307 (R is a rare-earth element) system showed that the
superconducting transition temperature did not depend
significantly on x, the concentration of trivalent rare-earth
elements in the material (e.g., Nd, Sm, Eu, Gd, Dy, Ho,
Er, Tm, Yb), indicating that the rare-earth and copper
sublattices are electronically decoupled for all practical
purposes.! An important exception to this behavior is Pr,
which forms? the same orthorhombic structure but is
thought to be strongly mixed valent, and close to the tetra-
valent ionic state. The superconducting transition tem-
perature T, is found to be strongly suppressed as a func-
tion of Pr concentration,>® in a manner which is con-
sistent with the classical Abrikosov-Gorkov depairing
theory.” The superconductivity is lost for Pr concentra-
tions x = 0.6. In the present paper we report the nature
of the magnetic order of the Pr in PrBa,Cu;0;. A simple
commensurate antiferromagnetic order is observed below
Tn=17 K, with a moment direction along the
orthrohombic ¢ axis but with a low-temperature value of
the moment of only 0.74up. In comparison with the iso-
structural compound GdBa;Cu3;0;, which orders at
Tn==2.2 K, the Pr ordering temperature is 2 orders of
magnitude higher than would be expected if one scales the
Ty for GdBa;Cu3O; assuming either purely dipolar in-
teractions, or Ruderman-Kittel-Kasuya-Yosida (RKKY)
exchange. Moreover, the electronic coefficient determined
from the low-temperature specific-heat measurements for
T <Tny is y~196 mJ/moleK?, which is comparable to
many heavy-fermion systems. These observations indicate
that the f electrons in this material are strongly hybri-
dized, and play an essential role in the electronic proper-
ties.

The polycrystalline samples were prepared by the usual
solid-state reaction technique, starting from high-purity
powders of PrsO;;, BaCOs3, and CuO. Details of the sam-
ple preparation technique can be found elsewhere.® Both
x-ray diffraction and high-resolution neutron-profile-
refinement measurements were used to characterize the
samples prepared for these measurements. From the neu-
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tron measurements, the nominal oxygen concentration
was determined to be 7.00 = 0.08, and the measured lat-
tice parameters of @ =3.8793(3) A, »=3.9129(3) A, and
c=11.6617(11) A at 78 K are in good agreement with
previous data.® Any impurity phases were found to be less
than 1% of the sample.

To determine the nature of the Pr ordering, neutron-
diffraction measurements were taken on a standard
triple-axis spectrometer at the National Institute of Stan-
dards and Technology (formerly National Bureau of
Standards) Research Reactor. A pyrolytic graphite
PG(002) monochromator was employed, with a PG filter
to suppress higher-order wavelength contaminations. The
wavelength was 2.355 A, and the angular collimations be-
fore and after the monochromator and after the sample
were 60'-20'-20" (full width at half maximum), respective-
ly. No analyzer crystal was used in these measurements.

Figure 1 shows two magnetic Bragg peaks found in this
system at low temperatures. These data were obtained by
subtracting® data taken at high temperatures from data
taken well below 7. In the situation where there is no
significant structural distortion, which is usually the case
for these low-temperature magnetic phase transitions,
only the magnetic contribution to the scattering will sur-
vive the subtraction procedure. The data exhibited in Fig.
1 are a portion of a complete powder diffraction pattern.
Data taken at 25 K serve as background, and have been
subtracted from data taken at 6 K where the system is
well ordered. The observed magnetic Bragg reflections
may be indexed as {+ + +} and {{ L 3} reflections, re-
spectively, on the orthorhombic chemical unit cell. Since
all three Miller’s indices are half-integer, the magnetic
unit cell is just double the chemical unit cell along all
three crystallographic directions as shown in the inset in
Fig. 2. Hence the underlying magnetic structure consists
of nearest-neighbor spins in all three directions which are
aligned antiparallel, and is the same type of structure as
has been found for the Dy (Ref. 9), Gd (Ref. 10), and Nd
(Ref. 11) systems.

In addition to the basic spin configuration, which is
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FIG. 1. Magnetic intensities observed in nonsuperconducting
PrBazCu;O7 at T=6 K. The two peaks may be indexed as the
{$ + +} and {F + 3} Bragg reflections, indicating a three-
dimensional antiferromagnetic ordering of Pr ions with a mag-
netic unit cell which is doubled along all three crystallographic
directions. The solid lines are Gaussian fits to the data.

given by the angular positions of the magnetic Bragg
peaks, we can also determine the spin direction and the
value of the ordered (staggered) moment of the Pr. The
scatterm§ intensity for a collinear magnetic structure is
given by®

I, -C[—Zm— (121201 — (- M)?]

My
sin(8)sin(26) ’

where My, is the multiplicity of the powder reflection, C
is an instrumental constant, and 286 is the scattering angle
for the reciprocal lattice vector . The constant in the
parenthesis is —0.27x10 12
form factor, [u.] is the thermal average of the aligned
magnetic moment of the Pr, £ and M are unit vectors in
the direction of 7 and the spin direction, respectively, and
the orientation factor [1 — (#-M)2] must be calculated
for all possible domains. For the two peaks shown in Fig.
1, the scattering angles are not very different, and hence
the angular factor and the form factor in the above equa-
tion should not differ much between the two reflections.
Hence the intensity ratio is controlled primarily by the
orientation factor [1 — (- M)2]. The considerably weak-
er intensity for the {3 ¥ 3

¢y

+ + 3} peak then suggests that the
moment direction in the system is predominantly along
the c-axis direction, as was also found to be the case for
the Gd, Dy, and Nd systems. However, in the present
case there are only two observable peaks due to the small
value of the magnetic moment (as discussed below), and
hence we should only consider this spin direction as tenta-
tive. An addltlonal feature is that the relative intensity of
the {5 + +} peak to the {$ + 3} peak associated with the

cm, f(z) is the magnetic °

sity, showing the variation of the square of the staggered magne-
tization with temperature. The Néel temperature for this sys-
tem is ~17 K, based on these data as well as the specific-heat
data. The solid curve is a guide to the eye. The inset shows the
magnetic configuration of the Pr spins.

Cu chain ordering in oxygen-deficient Y-Ba-Cu-O is 3
whereas in the present case this ratio is 2.'3 Therefore, the
relative intensity is suggestive that the magnetic scatter-
ing is due to an ordering of the Pr ions.

To determine the absolute value of the magnetic mo-
ment in the system, we need to ascertain the instrumental
constant C. The standard method used to evaluate C in-
volves measuring the intensities of several nuclear Bragg
peaks.® The low-temperature ordered moment we obtain
from our data is [u,]=(0.74+0.08)up. This value is
smaller than the free-ion moment of 2.14up for Prét
(J=1%) or 3.18up for Pr®* (J=4). Crystal-field (CF)
effects may be important in reducing the value of [u.]
below the free-ion result, and an ordered moment of
0.71up would be expected for the most likely CF ground
state (| = 1) doublet) of Pr**.5-7 For Pr3*, on the other
hand, the orthorhombic distortion would totally remove
the ninefold degeneracy,'* concomitantly reducing T,
the ordered moment, and the entropy removal at Ty,
which is inconsistent with our data. We believe that the
reduced moment (0.74u3), along with the large electronic
contribution to the specific heat as discussed below, indi-
cates that there is a significant hybridization of the 4f
electrons due to the mixed-valent nature of Pr in this sys-
tem.

Figure 2 shows the temperature dependence of the
{3 + 1} peak intensity, and reveals a typical order param-
eter with a Néel temperature of 7x==17 K. The tempera-
ture dependence of the specific heat C(T") for this com-
pound is shown in Fig. 3(a), where a clear anomaly in the
vicinity of 17 K is evident. The magnetic entropy associ-
ated with this transition is ~5.0 J/moleK,® and is some-
what smaller than the expected entropy change due to the
ordering of a CF doublet ground state, i.e., 5.7 J/moleK.
In addition to the magnetic transition in the vicinity of 17
K, there is another weak anomaly near 5.2 K which is ap-
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FIG. 3. (a) Measurements of the specific heat at low temper-
atures for PrBa;Cu3O; showing the magnetic transition at
Tn=17 K. (b) Measurements of the magnetic susceptibility
z(T) (in milliemu/mole) and temperature derivative dy/dT for
PrBa,;Cu;0;7.

parent in C(T) and dy/dT. The nature of this anomaly is
not known at present, and further studies are planned.

The electronic specific-heat coefficient y obtained by

fitting C(T)/T to y+BT?*+aT* for T>17 K, 52<T
< 17K, and T < 5.2 K, all yield large values of y charac-
teristic of relatively strong f-electron hybridization at the
Fermi energy (heavy mass behavior).!> The y value ob-
tained for 7> 17 K is in excess of 300 mJ/mole K 2, while
y for 5<T<17 K is 196 mJ/moleK? and y is 114
mJ/moleK? for T <5 K. The y value for 7> 17 K must
be considered with some caution because of the limited
temperature range used in the fit.

The temperature dependence of the magnetic suscepti-
bility x(T) and dy/dT for PrBa,Cu;O; is shown in Fig.
3(b). The behavior is different from that expected based
on the simple structure observed in the neutron data. For
GdBa,Cu;0,, for example, y(7T) decreases below Ty,
whereas for this sample x(7) monotonically increases
with decreasing temperature and only displays a change in
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slope at Ty. The increase in x(T) below Tx could be due
to the small moment in this system, or it may indicate that
the magnetic structure is more complicated than presently
indicated by neutrons. The anomalous increase of y(7)
for T < Ty cannot be attributed to impurity phases or
multiple site occupancy of the Pr. As indicated earlier,
both x-ray and neutron-diffraction studies indicate that
the impurity phases are less than 1% of the sample. In
addition, neutron-refinement analysis clearly shows that
the Pr resides on the Y-site. Because of the small moment
and consequent weak Bragg scattering, additional mag-
netic Bragg peaks which would indicate a modulated
structure or spin canting could be hidden. However, the
basic underlying spin structure is that shown in the inset
of Fig. 2. Measurements on single crystals would be help-
ful in resolving this issue.

The essential difference in the magnetic ordering be-
tween the present nonsuperconducting PrBa,Cu3;O7 sys-
tem and the trivalent superconducting RBa;Cu;O7 sys-
tems is their Néel temperatures T, and the values of the
ordered moment. The Tx’s for R=Yb (Ref. 16), Nd
(Ref. 11), Er (Ref. 17), Dy (Ref. 9), and Gd (Ref. 10) in
RBa,Cu307; were found to be 0.35, 0.5, 0.5, 1.0, and 2.2
K, respectively.'® If we scale these temperatures with
respect to either the size of the (free-ion) magnetic mo-
ment of Pr, or (g —1)J(J+1) as one would expect for an
RKKY exchange interaction, then we would expect a
transition temperature for PrBa,Cu3;O7 which is an order
of magnitude smaller than T for GdBa;Cu30;. The ob-
served transition is of course about an order of magnitude
larger than these trivalent rare earths. In addition, the or-
dered moments for the heavy rare-earth materials Er, Dy,
and Gd were found to be 4.9, 7.2, and 7.4up, respectively,
while the Pr moment is only 0.74u5.'° Thus the higher
ionic state for the Pr affects not only the electronic and su-
perconducting properties of the Cu-O layers (e.g., the
suppression of T.), but also the electronic and magnetic
properties of the Pr sublattice. The present specific-heat
and neutron-diffraction data taken together indicate that
the 4f level for the Pr ions hybridizes strongly with the
electrons at the Fermi level. 2°
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