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We investigated PrzBaO4 and PrBaO3 by several complementary expertmental techmques PrBa0O;
crystalllze in an orthorhombic structure. dc and ac susceptibility measurements exhibit irreversibility
phenomena below Ty =11.7 K and reveal the magnetic structure of PrBa0O;, which consists of an anti-
ferromagnetic ordering together with a small canting of the spins which produces the ferromagnetic
component. Both magnetic and specific-heat studies show that Ty is not affected by the applled magnet-
ic field up to 9 T. Pr,BaO, crystalhzes in an orthorhombic structure where @ =10.56 A, b=12.43 A
and ¢=3.617 A belongs to Pnam space group. dc and ac susceptibility and specific-heat measurements
show that Pr,BaO, is paramagnetic down to 2 K, with a vanishing electronic specific-heat coefficient y.
X-ray photoemission spectroscopy shows that Pr is mainly trivalent in Pr,BaO, and close to being tetra-
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valent in PrBaO;.

The pronounced ferromagnetic-like behavior found below 11.7 K in the

Pr.R;_,Ba,Cu;0, system is due to the 1mpur1ty of PrBaO;.

L INTRODUCTION"

Oxide superconductors have provided an unprecodent-
ed stimulus for solid state physics over the last 5 years.
The search for new materials, the efforts to characterize
their intrinsic physical properties and attempts to explain
them, caused the rare-earth based oxides tc become an
important as well as interesting research area. A good
example of such development in material science, partic-
ularly in characterizing new material, is given in this pa-
per. In our extended investigation? of the supercon-
ducting and magnetic properties of the high-T¢ super-
conducting system Pr,R;_,Ba,Cu;0, (R =rare earth), a
ferromagnetic transition at 11.7 K was observed for
several members of the series with higher Pr concentra-
tion. On the other hand, in a number of other composi-
tions this transition was not found. Therefore, it was as-
sumed that this magnetic ordering is due to an impurity
phase. A further search led to the conclusion that this
impurity phase exists also in Pr-Ba-O materials which do
not contain Cu. In the Pr-Ba-O phase diagram only

46

PrBaO, and Pr,Ba0, are described as stable compounds>
and neither has been reported as ferromagnetic at ~12
K.* The impurity phase found in Pr R 1~ xBa,Cu;0, was
identified as PrBaO;. During the course of this work we
found that several magnetic propertles of this compound
have already been pubhshed 5% and that our present
studies are qualitatively in fair agreement with the pub-
lished results. A wide variety of experimental results on
both PrBaO; and Pr,BaO, are reported in this paper.

The crystal structure of PrBaO,, where Pr ions are
tetravalent by standard valence arguments, has been pre-
viously investigated by powder x-ray and neutron
diffraction studies. 1o Unlike many of the transition
element-based ABO, compounds, which ‘have the cubic
perovskite structure, the large Pr ion causes an ortho-
rhombic distortion. The space group is Pnma, and the Pr
ions reside at the center point of a distorted corner-
sharing octahedron formed by six oxygen atoms as shown
in Fig. 1(a). The orthorhombic distortion involves a
cooperative buckling and reorientation of the octahedra
with respect to each other. However, the Pr** ions have
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an almost octahedral arrangement of near-neighbor oxy-
gen similar to an ideal cubic perovskite.!® Previously,
PrBaO; was studied by neutron diffraction and magnetic
susceptibility* and no evidence was found for long range
order. However, previous magnetic susceptibility’ ® and
specific-heat measurement’ suggested that PrBaOj; orders
indeed with a slight ferromagnetic component at 11.7 K;
and recent high-resolution neutron powder diﬁ'raction9
shows that the Pr spins are staggered along the ¢ axis
with an averaged moment of 0.35u;. However, due to
the small moment of Pr the detailed magnetic structure is
not yet clear. We assume that the weak ferromagnetic-
like behavior is due to the orthorhombic distortion which
allows an anisotropic Dzyaloshinsky-Moriya (DM) ex-
change between adjacent Pr moments.

@ pr

F’rzBaO4

FIG. 1. (a) Orthorhombic perovskite structure of PrBaO;.
(b) Cross section of Pr,BaQ, structure at z= : -
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For Pr,BaO, where the formal valency of Pr ions is
three, neither crystallographic data, nor magnetic proper-
ties have been published previously., Our x-ray
diffraction pattern show that this compound is also or-
thorhombic and isomorphous with CaFe,O, or Eu,0,,
the space group is Pnam (No. 62). dc and ac magnetiza-
tion measurements and specific-heat studies show clearly
that Pr,BaO, is not magnetically ordered down to 2 K.
The absence of the electronic specific-heat term ¥, is con-
sistent with insulating behavior. X-ray photoemission
measurements performed on both PrBaO; and Pr,BaO,,
demonstrate clearly the difference between the valen01es
of Pr in the two compounds. '

II. EXPERIMENTAL DETAILS

PrBa03 and Pr,BaQ, were prepared by solid-state re-
action of prescribed amounts of Pr,O,, and BaCO3,
which were mixed and pressed into pellets and then cal-
cined at 950°C in air or under oxygen atmosphere for
PrBaOj;, and at 900°C under hydrogen atmosphere for
Pr,Bd0,. The mixed powders were ground, re-pressed,

sintered again under the same conditions for several

times until a single phase material was achieved. The
color of Pr,Ba0Q, is yellow, whereas the color of PrBaO,
was either black or khakl PrBaZCu307 was prepared by
conventional methods.!

X-ray-diffraction measurements iridicate that the sam-
ples are single phase and least-squares refinements of the
d spacing were done on the basis of an orthorhombic
structure. The dc susceptibility measurements on solid
ceramic pieces were carried out in a commercial SHE su-
perconducting quantum interference device magnetome-
ter (SQUID) in various fields as a function of temperature
in the range of 4.2-300 K. All ac susceptibility measure-
ments were carried out using a calibrated ac susceptome-
ter with ac amplitudes and frequencies ranging from 0.1
to 10 Oe and 80 Hz to 1 kHz, respectively.

Specific-heat measurements were performed over the
temperature range 1.5-80 K in an automated adiabatic
colorrmeter employing the Nernst step heating method.

" The photoemission spectra were taken at room temper-
ature in an ESCALAB Mark II electron spectrometer

equipped with 100-mm mean-radius spherical sector elec-

tron energy analyzer. The photoemission spectra were

_ excited with Al K, radiation and recorded with nominal

analyzer resolutlon of 0.4 eV.

The well-proven technique of in situ oxygen/vacuum
annealing'! was used for surface preparation. In this
technique, samples are clipped to a Pt stub and intro-
duced into the preparation chamber through a fast entry
lock. They are then inserted into a cooled copper coil
coupled to a 1.5-KW (400 Hz) 1f generator. The prepara-
tion chamber was filled with 1 bar zero grade oxygen for
PrBaQj; and PrBa,Cu;0; or left in vacuum for Pr,BaO,.
A typical cleaning cycle of up to 2 h oxygen anneal at
600 °C was found effective in providing surfaces of carbon
contamination with dramatically reduced levels of car-
bon.
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III. EXPERIMENTAL RESULTS AND DISCUSSION

A, Crystal structure measurements

Pr,Ba0O, The x-ray powder-diffraction patterns on
the yellow-green Pr,BaQ, samples can be indexed on the
basis of an orthorhombic structure. The lattice parame-
ters are @ =10.56(1) A, b =12.48(1) A, and ¢ =3.617(2)
A in perfect agreement with the wvalues cited by
Hodorowicz et al.'? Although these authors cited the
lattice parameters, they did not report the space group
for this material, and did not carry out the complete crys-
tal structure analysis. Figure 2 shows the x-ray pattern
of Pr,Ba0, which was taken just after preparation em-
bracing all the hkl reflections. This compound is not
stable on the time scale of 3—4 months. Figure 2 shows
reflections present for the following conditions: (a) 200,
0kO0, 00/ only when h,k,l =2n, (b) h0l only when h=2n,
and (c) Ok/ only when k +!/=2n and (d) no regular ex-
tinctions for A0 and kkl. These conditions are satisfied
by space group Pnam (Pnma, No. 62) and we find that
the structure of Pr,BaO, is isomorphous with Eu;0,
(Ref. 13) which is itself structurally related to calcium
ferrite CaFe,0,. The relative intensity of reflections in
Pr,Ba0, and Eu;0, were found to be similar not only for
the strong reflections, but also for many of the weaker
reflections as well.

Both Pr,BaO, and Eu;0, materials contain divalent
and trivalent ions and four oxygen atoms in their formula
unit and the conditions mentioned above are fulfilled only
by the special fourfold positions 4(c) in this space group.
The 4(c) position possesses two unknown parameters
namely, x and y where z=1}. Each unit cell contains four
formula units and all the seven atoms of Pr,BaO, reside
on two alternated planes along the short ¢ axis separated
by 1c. The data collected from our powder x-ray
diffraction pattern is not sufficient to extract 14 unknown
parameters, and further work will have to await suitable
single crystals. Figure 1(b) exhibits the cross section of
the structure at z=1. The assignment of Pr®* and Ba?"
positions is based on the cation location of Eu®* and
Eu?® in Eu;0,.!® The coordination of oxygen around
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FIG. 2. X-ray diffraction pattern of the orthorhombic
Pr,Ba0, with the space group Pram (No. 62).
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each Pr** is sixfold, forming a distorted octahedron
around each Pr3" ion [Fig. 3(a)]. Around Ba?* ion, the
coordination is eightfold, with each Ba lying at the center
of a triangular prism of six oxygen atoms; and two oxy-
gen atoms lying out from the prism paces [Fig. 3(b)].

PrBa0O;. All the reflections observed by x-ray powder
diffraction were indexed on an orthorhombic unit cell
basis and indicate a single phase material. The lattice
constants refined from theese data are a=6.181 A,
b=6.208 A, and c=8.727 A in complete agreement with
Refs. 7-9. We are aware of the different assignment of
the lattice parameters proposed in Ref. 9 where g and b
are interchanged. The space group is Pbnm which is the
same as for Pr,Ba0O,. The crystal structure of PrBaO,
has already been studied in great detail!® and for the sake
of clarity Fig. 1(a) exhibits its crystal structure. The al-
most octahedral arrangement of Pr** ions in PrBaO; is
quite similar to the local environment of Pr®' found in
Pr,BaO, Fig. 3(a). The color of PrBaOQ, is either black or
khaki and additional oxidation at high temperatures
changes the khaki sample to black. These two forms
have the same lattice parameters and magnetic properties
to be discussed hereafter, and are unstable on the time
scale of a few months when they are stored in an ambient
atmosphere. Recent neutron diffraction measurements’
indicate that the PrBaO, samples appear to have an oxy-
gen excess of about 2%, thus the difference in colors may
be attributed to different oxygen concentration of the ma-
terials.

B. dc and ac magnetization measurements

Pr;Ba0,. The temperature dependence of the dc and
ac susceptibilities of Pr,Ba0, has been measured at vari-
ous applied fields and is presented in Fig. 4. The dc sus-
ceptibility measured at 100 Oe and 50 kOe is practically
the same, which indicates that Pr,BaO, exhibits normal
paramagnetic behavior down to 4.2 K. The low field ac
susceptibility is in good agreement with dc and is plotted
as 1/x vs T for two samples (shown in the inset). The

FIG. 3. Local environment of Pr.and Ba in Pr,Ba0,. (a) The
distorted octahedron around Pr**. (b) Eightfold coordination
polyhedra around Ba?*. Open circles are at the same plane
z='—;~ (Fig. 1), dashed circles and strippled circles are at z= ’—%

and z =%, respectively.
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curves of Fig. 4 adhere closely to the modified Curie-
Weiss (CW) law over the entire range of the measured
temperatures, and the magnetic susceptibility can be well
described by the relation y=yx,+ C /(T —8) where Y, is
the temperature independent part of the susceptibility, C
is the Curie constant and 6 is the Curie-Weiss tempera-
ture. The least-squares fit of the dc and ac susceptibility
yields an effective magnetic moment per Pr ion
P;=2.93(£0.05)u; which was deduced from C,
Xo=1%X1073 emu/mole Oe, and 6=—28+2 K. The
effective paramagnetic moments according to Hund’s rule
for Pr** and Pr** are 3.58 and 2.54p, respectively. The
P, obtained corresponds to an average valence of 3.6 for
Pr in the entire temperature range. This seems to be in
contradiction to simple chemical valence arguments
which require Pr** and with our XPS studies (see below)
which show clearly that the valency of Pr is close to
three. Assuming that in Pr,BaQO, Pr is indeed trivalent, a
crystalline electric field (CEF) splitting of several hun-
dreds of Kelvin, could be responsible for the reduction of
P.s. Measurements of CEF transition by inelastic neu-
tron scattering would help to clear this point. It is worth
mentioning that a° similar controversy occurs for
PrBa,Cu;0, where approximately the same P value for
Pr was observed.! Although several experiments have
been performed14 the valency of Pr in PrBaZCu3O-, {either
3%, or 4% as in a mixed valent state) is still a matter of
debate. We shall address this pointin the next section.
PrBaOj;. Previously, PrBaO; was studied by magnetic
susceptibility and neutron diffraction,* where there was
no evidence found for magnetic ordering down to 2 K.
As mentioned above, recent measurements’ ® show
definitely a sharp increase of the magnetization at about
THy=11.7 K which is assumed to indicate a canted anti-
ferromagnetic structure.® Howe ever, a full analysis of the
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magnetic structure of PrBaO; has not yet been published.
With the purpose of acquiring more information our
magnetic measurements include the following pro-
cedures. (a) Zero-field-cooled magnetization (ZFC) was
obtained by cooling the sample in nominal zero field to 5
K. Then, magnetic field was applied and the magnetiza-
tion was measured during raising the temperature up to
above Ty. (b) Next, the temperature was reduced
without changing the field, and by increasing the temper-
ature again, the field-cooled (FC) branch was obtained.
(c} The sample was cooled to 5 K. The field was reduced
to zero and the remanent magnetization (M) was mea-
sured as a function of increasing temperature. Typical
magnetization curves are displayed in Figs. 5-7.

The FC curves for PrBaO; measured for a number of
applied fields are shown in Fig. 5. The shape of the
curves is very suggestive of a ferromagnetic alignment
occurring at Tyy=11.7 K. The magnetization which ap-
pears to saturate at low temperatures in low fields
(100-1000 Oe), increases gradually with decreasing tem-
perature below Ty in high field (10 kOe). As can be seen,
the position of Ty is practically independent of H. The
finding of a magnetic ordering is supported by specific-
heat measurements (see later) and neutron diffraction
data® which both indicate a magnetic transition at
Ty~11.7 K. Figure 6 shows measurements of ZFC, FC,
and M, at 10 Oe in which the irreversibility below Ty
is obvious. The ZFC branch was obtained after cooling
to 6 K in “real” zero-field <0.2 Oe and the magnetiza-
tion remains nearly constant up to Ty. The FC branch
and the remanent curve coincide. Figure 7 exhibits the
same magnetization curves measured at 1 kOe. The ZFC
branch (the cooling field is about 2 Oe) is typlcally anti-
ferromagneticlike, having a sharp peak at T and then
merges with the FC branch. The M., curve has a typi-
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FIG. 4. Temperature dependernce of the susceptibility of Pr, BaO, at measured various fields. The inset shows 1/’ vs T measured
by ac susceptometer at a frequency of 1 kHz and excitation field of 1 Qe, for two different samples.
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FIG. 5. Field-cooled temperature dependence of the magne-
tization of PrBaO; measured at various fields. Note that Ty
does not change with the applied field.

cal ferromagnetic shape and becomes zero at Ty. Noté
that M, is not the difference between the FC and ZFC
branches. o C » '

The most informative experiments involve measure-
ments of the remanent magnetization at constant temper-
ature. The sample was cooled in different fields to those
temperatures from above Ty, then the fields were turned
off, and the remanent magnetization was recorded. Fig-
ure 8 displays the field dependence of M, at 4.2 and 8
K. On the time scale of a few minutes there is no relaxa-
tionin M.

Two features are readily observed in Fig. 8. (I) There
is a rapid increase of M, at low fields and M,,,, is al-
most saturated at few hundred Qe. The saturation values
obtained at 4.2 K are 3.9X I0~3,uﬁ and 5X 10:3/13 at 700
Oe and 16 kOe, respectively. Neutron diffraction’® indi-
cates that the Pr spins which are staggered below Ty
along the ¢ axis and the [110] direction possess an aver-
aged moment of 0.35(£0.05)ug per Pr atom. This means
that only a small fraction ~ 1% of the magnetic spins are
saturated in the FC process. (II) The curve has a finite
value at very low field which indicates that the remanent
is easily magnetized in extremely low (~1 Oe) fields.

MOMF:‘NT(10'2 emu/g)
T

T(K)

FIG. 6. Zero-field-cooled, field-cooled, and M .., magnetiza-
tion curves for PrBaO, measured at 10 Oe. :

4 6 8 10 12 14 16 18
B T

- FIG. 7. Zero-field-cooled, ﬁeId-cooied, and M., magnetiza-
tion curves for PrBaOQ, measured at 1 kOe.

In order to study the properties of the ferromagnetic-
like feature in PrBaO;, the sample was cooled in fields of
H=10 Oe, 100 Oe, 1 kOe, and 16 kOe from above Ty to
4.2 K and the hysteresis loops were measured, (Fig. 9).
According to Bulman et al.® the isothermal magnetiza-
tion at 4.2 K is linear up to 120 kOe and our magnetiza-
tion measurements show that the curves are parallel and
no magnetic moment is gained by increasing the field. A
tiny hysteresis loop is opened. The difference between
the curves is actually the difference between the respec-
tive remanent magnetization (see Fig. 8). The fact that
the curves do not merge at high fields indicates clearly,
that properties which depend on the cooling fields at Ty
are very stable and unchanged at low temperatures.

As a final point of interest, we have measured the real
(x') and the imaginary (¥"') part of the ac susceptibility
of PrBaO; between 4.2 and 30 K. A sharp maximum of
X’ was found at T,y=11.7 K as shown in Fig. 10. The
data presented clearly indicate that the transition does
not depend upon the frequency and on the rms amplitude
(0.10-10 Oe, 80 Hz~1 kHz). No irreversibility phenome-
na is observed in FC or ZFC processes. The sharp peak
which is only 0.2 K wide is not easily detectable at very
small excitation fields.

o e «0.00 - I 1 1 1 1
4 500 1000 1500 2000 2500

H (Oe)

3000

FIG. 8. The remanent magnetization of PrBaO; measured at
-42and 8 K.
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FIG. 9. Hysteresis loop of PrBaQ; at 4.2 K after field-cooling
process in 10 Oe and 16 kOe.

The experimental results reported here, Figs. 5-10,
and the collected evidences from recent magnetic mea-
surements®~® including neutron diffraction studies® pro-
vide an insight to the magnetic structure of PrBaQ,. The
ZFC measurements, Figs. 5 and 6, and the ac susceptibili-
ty curve, Fig. 10, strongly support an antiferromagnetic
ordering of Pr ions. The direction of the spins is not
clear, and it is assumed”® that they are staggered along the
¢ axis and the [110] direction. On the other hand the FC
and M .., Figs. 5-9, determine a slight ferromagnetic
component to the magnetic ordering. The small magni-
tude of the remanent magnetization (~1%) may imply
that in the FC process the external field causes the spins
to cant slightly out of their origiral directions. This cant-
ing abruptly aligns a component of the moments with the
direction of the field and the FC curve is obtained. The
pronounced irreversibility below Ty and the hysteresis
loops shown in Fig. 9 indicate the freezing of the canting
direction. The fact that at 4.2 K the hysteresis loops are
parallel and are shifted only by the remanent values
shows that there is no change in the canting direction for
fields up to 16 kOe.

The evidence of the data that both ferromagnetism and
antiferromagnetismn may be present in the same sample is
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FIG. 10. Real part of the ac susceptibility of PrBaO; mea-
sured at frequencies of 1 kHz and rms amplitudes of 1 and 5 Oe.
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-.-consistent with the crystal structure of PrBaO; shown in

Fig. 1(a). The orthorhombic distortion accompanied by
tilting of nearest-neighbor PrOg octahedra, removes the
inversion symmetry between the nearest-neighbor Pr sites

" resulting in a small off-axis ferromagnet component coex-

isting with the antiferromagnetic alignment of Pr mo-
ment. Similar behavior of a weak net ferromagnetic mo-
ment was observed in nearly stoichiometric single crys-
tals of La, NiO,.!* Such a weak ferromagnetic component
is often attributed to the antisymmetric DM interac-
tions.®

PrBaO; exhibits normal paramagnetic behavior above
Ty and adheres closely to the Curie-Weiss law over the
‘major portion of the measured temperature. The values
extracted from the susceptibility curves depend strongly
on the temperature range of the fitting. A fit of CW law
to y vs T curve in the range 12<T <25 K yields
Xo=2.3X107* emu/mole, 6=—25 K, and an effective
moment Pg=1.6us A fit in the range 12<T <300 K
yield P;=2.28uz Both values are lower than
P =2. 58,uB obtained in Ref. 7 and smaller than expected
for Pr** in its J= 3 ground state which is 2.54ug This
suppression of Pz suggests a significant influence of CEF
on the magnetic properties at medium temperatures. It
should be noted that the P.; values reported by various
authors differ significantly from each other The values
ranging from 0.7ug (Ref. 5) up to 3. 34,u,5~

C. Speclﬁc-heat measurement

Because the saturation of the remanent magnetization
of PrBaQ,, Fig. 8, is only about 1% of the averaged mo-
ment of Pr in the antiferromagnetic state, and in order to
exclude the possibility that the ferromagneticlike behav-
ior is due to an impurity phase, we have measured the
specific heat C, of PrBaO; and Pr,BaO, over the temper-
ature range 1.5-80 K.

Pr,Ba0O,. The heat capacity measurements in zero
field and H=9 T of Pr,BaO, presented in Fig. 11, show
no signs of magnetic order above 2 K confirming the
paramagnetic state derived from susceptibility measure-
ments in Fig. 4. The usual presentation of the low tem-

__perature data in an C/T versus T? plot yields a strongly
. downward curved graph. However a reasonably good fit

to C/T?3= 4 +BT>" is obtained, which means that the
electronic specific heat term y vanishes. The inset of Fig.
11 shows the almost linear relation of C/T3/? against
T3/2, which is obeyed up to above 30 K3/, The detailed
inspection of the low temperature data shows, that the
tiny peak of specific heat at H=0 T is shifted to lower
temperatures giving rise to a significant upturn at H =9
T. This anomaly can be regarded as a hint for antiferro-

_ magnetic order at about 1.5 K or lower. With respect to

the negative paramagnetic 6 value (—26 K) derived from

- x(T) measurements and the above indication of a possible

antiferromagnetic order, the T°/? term—typical for fer-
romagnetic spin waves—may be an accidental coin-
cidence caused by a fairly large crystal field splitting of
the low-lying levels. In this context we refer to
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FIG. 11. Specific heat C,
C,/T?/* vs T*/? at low temperatures.

PrBa,Cu;0; where the orthorhombic crystal field yields
an overall splitting of about 1500 K of the Pr*3 ground
multiplet whereby the low-lying levels form a quasitriplet
with a splitting of about 27 K.!7"!® If the situation in
Pr; BaO, is similar, but the splitting of the lower levels is
larger; i.e., 50-100 K, the resulting crystal field contribu-
tion will be covered by the much larger lattice contribu-
tion at higher temperatures. The reduction of the 9-T
specific heat data with respect to the zero field is obvious-
ly due, to a shifting of the Schottky anomaly to higher
temperatures upon applying 9 T. The reduced paramag-
netic moment and the slightly curved inverse susceptibili-
ty as a function of temperature support this finding,.

PrBaO;. In order to check the influence of sample
preparation upon the magnetic and thermodynamic
properties, we measured the heat capacity of both the
black- and khaki-colored PrBaO; samples. The compar-
ison of the data in the most sensitive regime in Fig. 12
shows that the black sample exhibits a slightly sharper
anomaly at Ty for both: zero field and an external field of
9 T. However, the Néel temperature of 11.7 K is the
same. The overall shape of the zero-field specific-heat
data are in good agreement with Refs. 6 and 7. Figure 13
demonstrates that external fields considerably broaden
the sharp transition, but hardly shift the transition tem-
perature to lower temperatures, which is in good agree-
ment with magnetization measurements in Fig. 5. The
low-temperature data show a significant upturn in the
C/T versus T? representation which may be indicative
for a field-independent additional magnetic transition
below 1.5 K. The tiny kink at about 10.5 K? might be a
precursor effect and is suppressed in external fields.

We believe that this low-temperature upturn is not due
to a Zeeman splitting of the ground state because of the

» of Pr;BaO, as function of temperature for external fields H=0 and H=9 T. The inset shows the

following arguments. According to valency counting Pr
in PrBaO; is a tetravalent Kramers ion which is nicely
supported by our XPS measurements. The orthorhombic
symmetry removes the degeneracy of the 2F;,, multiplet
leaving Pr*" in a doublet ground state, whereby we
presume by analogy with other rare-earth cuprates,!”!8
that the next doublet is at about 100 K or even higher.
This is also consistent with the finding that up to 60 K an
external field of 11 T has no significant effect upon the
specific heat measurement and therefore upon the crystal
field splitting up to this temperature. The molecular field
of about 50 T (estimated from T'y) and the Pr moment of
0.34up determined from neutron diffraction® split the
ground-state doublet, giving rise to a Schottky anomaly
with a maximum just situated below the magnetic anoma-
ly and can therefore not be disentangled from the mag-
netic contribution. Furthermore, one expects that on ap-
plying an external field the Schottky anomaly will be
shifted to higher temperatures giving rise to reduction of
the heat capacity at low temperatures (i.e., below the
maximum of the Schottky anomaly). However, just the
opposite is observed (see inset of Fig. 13). The 9-T curve
is above the zero-field measurement and merges at about
9 K?, which indicates that the magnon dispersion is
slightly changed by the external field. We suggest that
the magnon contribution varies as 8T exp—A /kT where
A is the energy of the gap in the magnon dispersion. A
slight change of the gap energy by applying an external
field can easily explain the change of the specific heat in
external fields. In this connection we note that the mag-
netic contribution to the heat capacity was separated by
Cao et al.” by subtracting the phonon contribution ob-
tained from the nonmagnetic isostructural compound
ThBaO,. Although these authors find a clear §T° contri-
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FIG. 12. Comparison of the specific heat of the black- and the khaki-colored PrBaO; in H =0 T and H=9 T. Inset: expanded

view of the magnetic transition at Ty.

bution to the magnetic specific heat (typical for antiferro-
magnetic spin waves without a gap), they obtain a nega-
tive ¥ value which might be due to a slight overestima-
tion of the phonon contribution on their analysis.

The entropy associated with the magnetic transition up
to 14 K accounts to 3.6 J/mol K for all measurements
with and without applied field. This value is less than

R In2=5.67 J/mol K expected for the doublet magnetic
ground state of Pr™*. Our value is smaller but still in
reasonable agreement—since the subtraction of the un-
known phonon contribution is hardly an unambiguous
task —with those of Refs. 6 and 7 (4.3 and 4.0 J/mol K,
respectively). The measured lower entropy may point to
a slight mixed valency (but close to Pr*?), similar to re-

20 T T . . . e -
7 0.06
PrBaO, (black) —
M
16 F o 0.04 | ]
— e OT g v
W' v 4T >
£ v 7T o ooz}
g 120 °°9T S |
~ ©
-
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FIG. 13. Specific heat C, for PrBaO; as a function of temperature for external fields as labeled. Note that H does alter the posi-

tion of the peak.
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sults found for Y,_,Pr,Ba,Cu;0,; where, the valency of
Pr is close to three.!” An additional reason for the re-
duced entropy in PrBaO, is the entropy associated with
the proposed magnetic anomaly below 1.5 K which we
cannot account for in our analysis. The y=170-220
mJ/mol K? values were calculated by the usual procedure
of extrapolating the nearly linear variation of the C/T
versus T2 values, from above Ty to T=0. This value is
smaller than ¥ =400 mJ/mol K? estimated by Bulman
et al.® Such a linear term cannot be detected below Ty
which is in agreement with the insulating behavior of
PrBaO;.

The high Y, and the finite C /T value (above T) might
be an artifact (in particular ), which implicitly describes
the curvature of 1/ due to the crystal field splitting with
a temperature independent Pauli susceptibility) but may
be an indication for a localized heavy fermion behavior
which is associated with a mixed valent character of Pr,
as mentioned above.

D. Photoemission spectroscopy measurement

Figure 14 shows Pr:3d spectra of PrBaO; and of
Pr,BaQO,. Both samples are nonmetallic and show pro-
nounced charging effects. Therefore the energy scales
have been aligned so that the Ba:3ds,, binding energy,
coincides with that in samples within the series
Pr,Y,_,Ba, Cu;0,. Formally one can consider Pr to
have valency of +4 and +3 for PrBaO; and Pr,BaQ,, re-
spectively, so that the ground- state f electrons
configuration can be represented as 4/ ! and 42

Pr;Ba0, The Pr3d;, peak shape in Pr,Ba0O, is very
similar to that of Pr,0;."° 2! The complex peak shape
originates from the simultaneous effects of covalency hy-
bridization and intraatomic electrostatic coupling be-
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tween 3d hole and the outer unpaired 4f electrons.2%?!

In a detailed analysis, Ogasawara et al. have found re-
cently?! that the initial state in Pr,0; corresponds to a
relatively pure Pr:4f? configuration; in the final state
though, the charge transfer energy decreases due to the
existence of the core-hole potential and there is a very
strong covalency mixing between oxygen and Pr ions.
The final states contributing to the main peak of the
Pr:3d, are on the average a 76%:24% mixture of 4/ and
4f 3Ll configurations (assign as 2 and 2’ in Fig. 14), while
those of the satellite (3 and 3’) are a 24%:76% mixture
[where the notation L, etc., denotes a hole on the ligand
(oxygen) atoms]. Therefore, both the Pr:3d;,, and
Pr:3d;,, are splitted due to final-state configurations of
4f3L" on the high kinetic energy side and of the dom-
inant 4/2L° on the low kinetic energy side.

PrBaQj;. The PrBaOj; spectrum is very similar to pre-
vious published data for PrO,.2? Here the Pr formal
valency is +4. In contrast to Pr,O;, the ground state
must be considered as a mixture of 4L and 4f2L!
configurations (g =a|4f'L°) +b|4f2L')) with initial-
state f electron count of around 1.6.22 Due to final-state
screening, three valence-band final states are possible,
namely, 4f'L°% 4f°L', and 4f°L2 Overall, PrBaO,
(PrO,) spectrum resembles that of PrzBaO4(Pr203) apart
from two important points. (1) There is a shift of about
0.8 eV to lower kinetic energy (higher binding energy) of
PrBaO; 3ds,,'4f?L' and 3ds,,'4f3L? spectrum in
respect to Pr,Ba0,, which is caused by the extra (ligand)
hole (Fig. 14). (2) The unscreened 3ds ,'4f L% peak (as-
signed as 1) is shifted by about 13 eV to lower kinetic en-
ergy and appears as a weak shoulder on the 3d; /214f ’L?
peak; The unscreened 3d;,,'4f°L? appears in the
PrBaQ; spectrum as a weak but distinct feature around
282 eV kinetic energy (marked as 1'). Thus, the Pr:3d

Intensity

T T T
280 ; 290 300 3}0 320 330 :
280 290 300

310 320 330

Kinetic energy (eV)

FIG. 14. X-ray photoemission spectroscopy of Pr:3d core level of PrBaO; and Pr,BaO,. The labels correspond to pos51ble finite-
state configurations explained in the text. The inset shows the Cu:2p /Pr:3d region of PrBa, Cu; O,.



spectrum makes it possible to distinguish between the
different Pr valencies in PrBaQ; (mainly +4) and
Pr,BaO, (mainly +3).

For comparison, the inset in Fig. 14 shows the Pr:3d
spectrum of PrBa,Cu;0,.  Unfortunately, the 3d struc-
ture overlaps with the Cu:2p core level and the only obvi-
ous Pr:3d feature is the shoulder around 320 eV. De-
tailed discussion of Pr,Y,_,.Ba,Cu3O;_5 will be pub-
lished elsewhere,?® but it is important to notice the ab-
sence of a peak corresponding to the ﬁ3/214 FIL? com-
ponent which would appear on the low kinetic energy
side of the Cu,p, /21L°3d % peak, if Pr would be tetra-
valent in PrBa,Cu;0-. '

IV. CONCLUDING REMARKS

We report at the first on crystallographic and magnetic
properties of Pr,BaO,, which crystallizes in an ortho-
rhombic structure belongs to space group Pnam.
Pr, BaO, is paramagnetic down to 2 K. y=0 was
deducted from specific-heat measurements. The valency
of Pr might be considered controversial, as in
PrBa,Cu;0,, if only the reduced effective P;=2.93u;
moment is considered which would correspond to an
effective average valency of 3.6 in Pr,Ba0,. On the other
hand XPS studies indicate that Pr is mainly in a trivalent
state. In that respect, Pr,BaO, resembles PrBa,Cu;0,.
However, specific-heat measurements support in both
systems that crystal field effects seems to be the main
reason for the reduction of the effective paramagnetic
moment. T

PrBaO, orders antiferromagnetically with a weak fer-
romagnetic component at Ty =11.7 K. Neither the ap-
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plied dc fields up to 9 T nor the frequency of ac field
affect Ty. The irreversibility below Ty is attributed to
slight canting of Pr spins during the FC process which
produces the ferromagneticlike component, which ac-
count to ~1% of Pr moment. This canted magnetic
structure is a result of the distorted orthorhombic
perovskite structure of PrBaQ; which allows an anisotro-
py Dzyaloshinsky-Moriya exchange between adjacent Pr
moments. The entropy associated with the magnetic
transition 3.6 J/mol K which is less than R In2 expected
for a doublet magnetic ground state of Pr**, points to a
slight mixed valent state in PrBaQ,. The high y=200
mJ/mol K2 is typical for localized heavy fermion system.

The pronounced ferromagnetic behavior found in
Pr,R,_,Ba,Cu;0, system is due to PrBaO;. It means
that under standard synthesis conditions of bulk ceram-
ics, the formation of PrBaO; competes with the forma-
tion of the YBa,Cu,;0, type structure.
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