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Anomalous Pr ordering in HgSr,PrCu ,0 4, s and the systematic variation of T (Pr)
for the Hg-1212-type systems
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Structural, magnetic, and calorimetric studies have been made to reveal an anomalous Pr antiferromagnetic
ordering atTy(Pr) of 6 K in HgSr,PrCu,0g4, 5. This compound has the Hg-1212-type tetragonal structure
with lattice parametera=3.8532 A andc=12.1199 A. X-ray Rietveld refinement yields a Pr-O bond length
d(Pr-O) of 2.492 A between Pr and oxygen in the adjacent Gu&yers and an O-Pr-O bond angle of
101.3°. The low-temperature magnetic entropy associated with the Pr ordering is only about K88 of
expected for P¥" with a quasitriplet ground state, suggesting a more two-dimensional-like ordering process.
This result supports the earlier observation of a systematic dependeriGgRij on Pr-O bond length in
variousM(Ba,S) ,PrCu,0, (M=Cu, Hg, TI, Ph 1212-type Pr compounds. This in turn points to the im-
portance of a superexchange magnetic coupling mechanism.

I. INTRODUCTION 1212 compounds again demonstrates the importance of the
Pr-O-Pr superexchange coupling mechanism.

The orthorhombic PrBsCuzO, compounds with an Recently, a 1212 system with the
anomalously high Pr antiferromagnetic ordering temperaturélgBa,CaCu,0¢., s-type structure was reportéd!’ From
Tn(PP of 17 K is the only nonsuperconducting member of Previous experience, if the Ca site can be completely occu-
the RBa,Cu;0- system R=Y or a rare earth* ®with fur- ~ Pied by Pr, a Pr-1212 compound with anomalous
ther oxygen deficiencyl(Pr) decreases to 10 K in tetrago- Tn(PD_is expected. However, with the composition
nal PrBa,CusOs.57 In comparison, other magnetic rare- H9B&:PrCu0¢, 5, the Hg-1212-type phase is unstatfle.
earth compounds have a maximufy(R) of 2.2 K in A simultaneous substitution of Ba by Sr is necessary to sta-

GdBa,Cu;30,.8° Meanwhile, Pr substitution leads 6, bilize the Hg-1212 phase.

suppression from above 90 K iR{_,Pr,)Ba,Cu30,.3™°

For higher Pr concentration, superconductivity is totally IIl. EXPERIMENTS

quenched, and Pr ordering begins to setin. Since Pris one of \jercury samples with the nominal composition

the lightest elements of the rare-earth series, ftswave  Hgsr,PrCcu,04, s were prepared by two-stage solid-state re-
functions are more extended and the anomalously highction techniques. High-purity SrGQ Pr,03, and CuO
Tn(Pr) observed indicates the importance of the quasi-twopowders with the ratio Sr:Pr:Ge2:1:2 were well mixed
dimensional (quasi-2D Pr-O-Pr superexchange magnetic first, ground, and calcined at 900 °C in air with intermediate
coupling mechanism through the strong hybridization begrinding. The precursor $PrCu,O, powders were then
tween the Pr 4 and the eight O @, orbitals in the adjacent mixed with an appropriate amount of HgO powder 30%
two-CuO, layers® The proposedr. suppression by either exces$, pressed into pellets, sealed in a 2-mm-thick-wall
hole filling or hole localization is presumably a consequencejuartz tube in vacuum, and reacted at 1000 °C in vacuum for
of the orbital hybridization. 8 h, then quenched in liquid nitrogen.

From the structural viewpoint, the 123-type  Crystallographic data were obtained with a Rigaku
PrBa,Cu;0;_, system can be recategorized as either theRTP5000 18 kW rotating-anode powder x-ray diffractometer
Cu-121Z type (C stands for chain for orthorhombic using Ni-filtered CuK « radiation. ALAZY-PULVERIX-PC pro-
[CulBa,PrCu,0; (space groupPmmn) or Cu-1212 gram was employed for preliminary phase identification and
TIBa,CaCu,0,_4 type for tetragonal[Cu]Ba,PrCu,Og lattice parameter calculation. Structure refinement was per-
(space group P4/mmm,° in analogy with other formed with a Rietveld analysi®Bws-9006-PC program’®
two-CuO,-layer Pr  compounds in the TI-1212 The x-ray intensity data were collected by a scan over an
TI(Ba,Sy,PrCu,0,_5 system™'® and (Pb,Cy-1212 angle range of 20226<130° in increments of 0.02°.
(Pb,CySr,PrCu,0,_ 5.1 They also exhibit the common Magnetic susceptibility measurements were carried out
feature of having anomalously highy(Pr values ranging with a Quantum Design MPMS superconducting quantum
from 4 to 8 K. The anomalou$y(Pr) in all Pr-containing interference devic€SQUID) magnetometer from 2 to 300 K
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FIG. 3. Low-temperature differential molar magnetic suscepti-

FIG. 1. Powder x-ray diffraction pattern of Hg-1212 sample bility dy,/dT revealsTy(PH=6 K.

with the nominal composition of HggPrCu,Og, 5. Minor peaks

due to unreacted precursor/impurities are indicated by asterisks. . . ) ) )
ments. The inset shows a simple Curie-Weiss fit,

— * H H H H

in an applied magnetic field of 1 T. Low-temperature specificXm__C /(T+6p) with negative paramagnetic intercept

heat measurements were made with an adiabatic calorimetér;_ca_nlﬁeK('j eAr?vs(;f?‘ngrzetrTeagCrLerit:ec Cmo(;';g;tt gftﬁéaas;n?glrl

from 2 to 15 K. Th_e _sample was t_hermally anchored to a:giu2+ moment is neglected. As in many other Pr-containing

copper block containing a germanium thermometer and :

Manganin wire heater, for which measurements were madguprates, this effective moment again is closer to that of the
separately for addenda correction. free PP ion (3.58z5) rather than that of the Bf ion

(2.54ug). Indeed, most experimental results on such com-
pounds imply a Pt" state. The negative paramagnetic inter-
IIl. RESULTS AND DISCUSSION cept and the low-temperature deviation from the Curie-Weiss
The powder x-ray diffraction pattern of the Hg-1212 fitindjcate the occurrence of Iong—rangg ant.if.erromagnetic Pr
sample HgSsPrCu,0g. 5 is shown in Fig. 1. Except for or_d(_armg. ATN(Pr) value d 6 K was identified from the
small amounts of unreacted precursor/impurities due to loWiNimum in the temperature derivative of the molar mag-
HgO decomposition temperature and very high mercury valetic susceptibilitydx,/dT as shown in Fig. 3.
por pressure, all diffraction lines can be well indexed with 1€ magnetic transition of HgGPrCu,0s. s is Clearly
the tetragonal HgBgCaCu,0y, s-type structurd1617hay-  corroborated by low-temperature specific heat da(d) as
ing the lattice parametersa=3.8532(3) A and showr_1 in Fig. 4. A d|stmct but broad magnetic transition
c=12.1199(5) A and a unit-cell volumé of 179.951) A3,  Prevails atTy(Pn=6 K with very high onset around 11 K.
The temperature dependence of the molar magnetic sudhe broad transition |nd|cates that a truly three-dimensional
ceptibilities x, for HgSK,PrCu,0¢. 5 in a 1 T applied mag- (3D) or quasi-two-dimensionalquasi-2D long-range mag-
netic field is shown in Fig. 2. A small fluctuation was ob- Netic ordering is represented by tfig(K)=6 K, while the
served around room temperature, indicating a possibl@D ordering effect persists up to the onset near ﬁ'l’%- '
magnetic C&" ordering near 300 K or above. The relatively When the data are plotted in Fig. 5 @3T versusT?, the
high applied field of 1 T is used in order to suppress the”r-induced anomaly is shown to be superimposed @Ta

possible magnetic coupling between the?Ctand PR+ mo- lattice contribution term with an e_q_uivalent Debye tempera-
ture 6p=240 K as well as an additional term roughly linear
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FIG. 2. Temperature dependence of molar magnetic susceptibil-
ity xm(T) and low-temperature inverse molar magnetic susceptibil- FIG. 4. Temperature dependence of specific He@f) with
ity xm,* (insed. baseline representing,=yT+ 8T3=0.33T+0.001673.
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FIG. 5. C/T versus T? with the linear fit representing

ANOMALOUS Pr ORDERING IN HgSsPrCu,0¢. 5 AND THE ...

0.8
0.7 ¢

06¢

0.4 ¢

-

03¢

0.5 _/—-.o.....::",/v

—

HgSr,PrCu,0

6+8

P d

-
e
e
-
-
-

C/T=0.33+0.0016T?

0.2

50 100 150

T2 (K?)

C,/T=y+BT?=0.33+0.001672.

with temperature. The linear term has a coefficignt0.33

the Pr-containing

to be solved is theC(T) behavior belowTy(Pr). It is pos-

Sm(Pr of HgSr,PrCu,0Og, s by integratingC,,,/T with re-

spect toT between 2 and 11 K, wher€,=C—C, with

Pr3* with a quasitriplet ground stafé.A similar analysis

lation length of 20 A along the axis from neutron diffrac-

3D-like Pr

two-Cu@layer

ordering in the

m212

TI-1212

200

compounds
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Pr ordering in Hg-1212 HgSPrCu,O¢ . s as a more 2D-like
process. Confirmation awaits detailed neutron diffraction
studies.

The anomalously highy(Pr in Hg-1212 indicates the
importance of the quasi-2D Pr-O-Pr superexchange magnetic
coupling through the strong hybridization between the Pr
4f and the eight O @, orbitals in the adjacent CuO
layers® This degrees of hybridization can be readily reflected
in the Pr-O bond length, which can be accurately derived
from the Rietveld analysis. An x-ray Rietveld refinement on
a powder sample was accordingly carried out based on the
HgBa,CaCw,0g, stype Hg-1212 structure with the tetrag-
onal space group4/mmm the Ba (2h) site is occupied by
Sr and the Ca (d) site by Pr. All minor impurity lines in the
diffraction pattern were artifically removed during the refine-
ment process. The refined atomic positions with refinement
factorsR,=4.06% andR,,,=5.98% for step intensities are
listed in Table |, where, y, andz are the fractional coordi-

nates B, is the equivalent thermal parameter, and the num-
J/mol K2 which is quite large. Such a sizable linear term inbers in parentheses are the estimated standard deviations
the specific heat is one of the most pronounced features gESD’s).

Similarly

to

isostructural compound

HgBa,CaCu,Og, 5, the O3) (1c) site is only partially oc-
(m=1,2,3)1%111314.20225vever, since these compounds cupied(we sets~0 during the refinemehntDue to the high

are either insulators or semiconductors, the large linear terrHg volatility and the observation of minor precursor Pr-Sr-O
is probably not related to the standard conduction-electroimpurity phases, the constraint refinement at the last stage of
contribution. By considering the crystal-field splitting of the the Rietveld analysis reveals partial Cu substitution on the
Pri* ions? this linear term may represent the extended tailHg site. The solubility parameter of 0.272 or a refined com-
of high-temperature Schottky terms. Another issue remainposition of (Hgg724CUg 279 SroPrCu,Og. s Was obtained
with the reliability index ofR,=4.06%. Several calculated
sible that the large linear-term coefficient may gradually di-interatomic distances and angles are listed in Table Il. The
minish as the temperature decreases, or simply be quenchesfine bond lengtll(Pr-O) between Pr and Q) in the adja-

as soon as the Pr ordering takes place. Without these quesent two-CuQ layers is 2.492 A and the @)-Pr-O(1) bond
tions answered, one can only estimate the magnetic entrogngle is 101.3°.

The d(Pr-O

value

the present Hg-1212

HgSr,PrCu,0O¢. s sample withTy(Pn=6 K is shorter than
C,=yT—BT3 A value of 0.86 J/mol K thus obtained is 2.514 A for TI-1212Sr) TISr,PrCu,0,_ s with Ty=4 K or
equal to 9.5% oRIn3 expected for the complete ordering of 2.499 A for (Pb,Cy-1212Sn (Pby¢Cug 4 Sr,PrCu,0,_

with Ty=5.6 K, but is longer than 2.478 A for TI-12(Ra)
resulted in 13% oRIn3 for the quasi-2D 3212-type com- TIBa,PrCu,0;_ s with Ty=8 K.'*This regularity propels
pound(Pb,Cu)Sr,PrCu,0g . ; with a short magnetic corre- us to study the systematic variation B§(Pr) for all reported
M(Ba,S),PrCu,0, (M=Cu, Hg, Tl, or Ph 1212-type
tion studieg®? In contrast, neutron data indicate a more compounds as a function of the Pr-O bond length as shown
compound in Fig. 6. Note that for the orthorhombity(Pn=17 K
TIBa,PrCu,0;_s with a magnetic entropy of 31% 12371Ba) PrBa,Cu;0; (Cu-121Z), instead of a single
RIn3.12Accordingly, it seems reasonable to categorize thePr-O bond length, there are two Pr-O bond lengths of 2.443

TABLE I. Refined structure parameters fgg 704CUg 279 SroPrCu,Og . s obtained from powder x-ray
Rietveld analysis[space groupP4/mmm Z=1; tetragonal lattice parameters=3.8532(3) A and

c=12.1199(5) A. R,=4.06% andR,,,=5.98%.

Atom Site X y z Bso (A?) Occupancy
Hg la 0 0 0 1.473) 0.7286)
Cu(1) la 0 0 0 1.473) 0.2726)
Sr 2h 1/2 1/2 0.20841) 1.044) 1

Pr 1d 1/2 1/2 1/2 1.4) 1

Cu2) 29 0 0 0.35562) 0.7705) 1

0(1) 4i 0 1/2 0.3701) 1.511) 1

0o(2) 29 0 0 0.1731) 4.54) 1

0o@3) 1c 1/2 1/2 0 6~0
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TABLE Il. Some selected interatomic distanads) and angles

- 20 p———7————
(deg) for (Hgg 7o4CUg 279 SToPrCw,0g, 5. N is the number of 1237(Ba) orthorhombic o
equivalent bonds. o——0
156 tetragonal e 4
Bond DistanceA) n % A
Hg/CU1)-0(2) 2.0929) 2 & 0 m3sE) e ]
: = TI-1212(Ba) ® ™~ _
Sr-0(1) 2.7445) 4 i A S
Sr-02) 2.7592) 4 St (Pb,Cu)-1212(Sr) g ]
Pr-O(1) 2.4925) 8 TI-1212(Sr) ‘\\\
Cu2-0(1) 19341 4 %44 2I46 2I43 2.50 2I52 \2\54
Cu(2)-0(2) 2.2189) 1 ’ ' ’ . ’ ’
Cu(2)-Cu2) 3.5003) (intersheet d(Pr-0) (A)
Bond Angle (deg) n
FIG. 6. Ty(Prn versus Pr-O distance in various
O(1)-Pr-(1) 101.32) 4 M(Ba,S),PrCu,0, (M=Cu, Hg, Tl, or Pb 1212-type com-
0O(1)-Cu(2)-0(1) 169.93) 2 pounds. The dashed line is a guide to the eyes only.

and 2.460 A, respectiveR}. For the oxygen-depleted tetrag- TN(P.r)._G K with a broad transition onset from 11 K. The_
onal 1236Ba) PrBa,CusO¢ (Cu-1213 compound, a single specific heat has an excegdmgly large linear term_, wh|ch is
long Pr-O bond length of 2.472 A with lowdi,(P1) of 10 K common to most Pr-containing cuprates. Along with earlier
was observed.Clearly, Ty (Pr) decreases montonically with "€POrts on other Pr-121#(Ba,Sp,PrCu,0y (M =Cu, Hg,
increasing Pr-O bond length which reflects the degree of » ©f Pb compounds, this Pr sample further demonstrates
Pr 4f—O 2p,, orbital hybridization or the strength of Pr-O-pr the anomalous Pr-ordering behavior in the two-Gel@yer
superexchange coupling. Meanwhile, an effective couplingn212 systemsr=1, 2, 3). Finally, judging from the very
occurs between Cu and Pr moments through oxygefPW magnetic entropy, the Pr ordering in this Hg-1212 com-
2p../2p,, as revealed by preliminary neutron and NMR stud-pound appears to be a more 2D-like process.

ies on the TI-1212 TBa,S),PrCu,0,_5 systen? This

competition should be taken into account before a final con-

clusion can be reached. ACKNOWLEDGMENTS
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