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Two magnetic phase transitions @f;~475 K (AF1 phasg¢ and Ty,~240 K (AF2) are observed in
YBaCuFeQ@. The magnetic unit cell of AF1 is four times the chemical cel,=v2a, c,=2c, and the
magnetic moments within one chemical cell are antiparallel to each other. The magnetic unit cell of the
low-temperature phase AF2 is similar to that of AF1 wét=a,,, but with a four times largec,, axis, i.e.,
cy=4c,=8c and a more complicated sequence alpp@l] than in AF1. Denoting the magnetic unit cell of
AF1 asA, the magnetic unit cell of AF2 can be considered as built up from the seqéekde A along[001].

In the Ca-doped compound, oxygen vacancies have a detrimental effect on the long-range correlation along
[001]. As a consequence, two magnetic phases coexist: One phase with magnetic wmite&h andc;

=c appears at room temperature, and thelNemperatureTy,, for the other, predominant phase decreases

as compared to the undoped compound. The transition to AF2 seems to be hindered, and AF1 is observed
down © 8 K in (Y ¢/Ca 0gBaCuFeQ g5 [S0163-18208)06633-9

INTRODUCTION works by Pissast al>* and on spectroscopic studiéRa-
man and IR by Atanassovat al® that supported the acentric
The title compound, YBaCuFeQ was prepared by character of the structure. They found that the iron moments
Er-Rakhoet all The structure of this material is closely re- were perpendicular to the axis and AF ordered within a
lated to that of YBaCuO; and can be described as an layer, and no magnetic ordering was observed in the copper
oxygen-deficient twofold perovskite (AB{ superstructure. Sublattice for the studied temperature rar60-500 K.
It consists of double layers of square pyramids (Béhar- The _crystal structure of th|s phase has also been determined
ing the apical oxygen, where Baions occupy the perov- by single crystal x-ray diffractioh,and the results support

skite cuboctahedrah position, and ¥* cations are located the use of the>4mm space group.

. o . Recently, Caignaeret al® and ourselveshave studied
between the layers. Regarding Bepositions, there is some the title compound by neutron powder diffraction. In both

controversy in the literature. The results obtained by Er-
Rakhoet alt from Méssbauer spectroscony. suagested tha ases, the model for the nuclear structure was developed us-
' P Py, sugg g the centrosymmetric space groBg/mmm with iron

iron ions are located in two nonequivalent positions. There:,;md copper ions randomly distributed onto equivalent, BO

_ fayers. In Ref. 8 two magnetic phase transitions are reported
f’;\uthors have refined a structural moo!eRmemsymmetry, at Ty, =441(2) K andT,,~230 K. The magnetic structure

in which two symmetry unrelated mixed-metal B@yers  papyeenT,,; andTy, is described with a unit cell related to
with composition 0.62 C#0.38 Fe and 0.38 Ct0.62 Fe, ihe crystallographic one by,,=v2a andc,= 2c, the mag-
respectively, have been considered. However, based on thRtic moments being tilted with respect to thexis. These
Mossbauer study by Meyest al,” Pissaset al>* claimed  authors propose an incommensurate magnetic structure with
that copper and iron cations are located in separated layerg.short-range order belo¥,. The intensity of the magnetic
Furthermore, Mombret al® refined the nuclear and mag- reflections b/2,k/2,1/2) decreases on cooling, while both the
netic structures of YBaCuFeQOn the noncentrosymmetric magnetic satellites on each side of the magnetic peaks and
space grouf4mm, this choice was made on the basis of thethe very weak peaks indexed ak/Zk/2]) increase. A
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TABLE |. Structural parameters for YBaCuFe@YBCF) and (Y ¢/ Ca o9BaCuFeQqs (YCa) at
room temperature (298 K). YBaCuFeQ@ S.G: P4/mmm a=3.8740(2) A, ¢=7.6676(5) A,
V=115.1(1) B, R,=0.073, R,,=0.096, Rya,=0.274, x*=4.13. (YooCaodBaCuFeQqs S.G:
P4/mmm a=3.8709(2) A, c=7.6656(4) A, V=114.8(1) &, R,=0.071, R,,=0.103, Rg=0.047,
Ruiagi=0.115, Ryago= 0.22, x*=6.27.

Atom Site x/a y/b zc Occupation BeqA?
YBCF  YCA YBCF YCa YBCF YCa YBCF  YCa
Ba la 0 0 0 0 1 0.91) 0.9698)
Y YICa 1b 0 0 : i 1 0.94/0.06 0.3@) 0.636)
CuFe h 3 1 0.26843) 0.26823) 1/1 0.474) 0.685)
O(2) 4i % 0 0.31562) 0.31462) 4 3.964) 0.855) 0.836)
0(2) ic 3 3 0 0 1 1.11) 1.5
somewhat similar behavior is reported on tetragonal samples EXPERIMENT

of YBa,COg,, (YBCO) with y<0.35 doped with Al

(Refs. 10 andz%);and in Fe- and Co-doped YBCO fo.rllovv_ and were checked to be single phase by x-ray diffraction on
doping levels*** In these doped compounds a transition is; siemens D-5000 diffractometer using monochromatic
observed from the high-temperature magnetic phase AF{gk «) radiation. Neutron diffraction was performed at dif-
with spin orde_nng along the axis[+0—] andcy,=c, to the  farent temperatures on the multidetector powder diffracto-
phase AFII, with sequencg¢s-0+][—~0—], [+—=+][~+~]  meter at the DR3 reactor at Riddational Laboratory. A
or [+++] [-——] and c,=2c. However, components of yanadium can of 9 mm diameter and 5 cm length was used
both the AFI and the AFII ordering sequences are observegs the sample container. Neutrons of wavelength 14 7%
over a very broad temperature range. Consistent with theavere chosen. Diffraction data were analyzed using the soft-
retical model analysis, the coexistence of the two orderingvare packagesuLLPROF? and Gsas?!
components has been interpreted as resulting from specific Thermogravimetric analysis was done in pure argon up to
intermediateturn angle phases, TAIl, TAIl, and TAIILM* 1173 K using a Perkin-Elmer 3600 apparatus with a heating
For higher levels of Fe and Co doping, the AFIl phase israte of 10°/min. Magnetic susceptibility was measured on a
stabilized in the whole temperature range. Lakeshore 7225 ac susceptometer/dc Magnetometer System
However, the structure of the analogous materiaworking at different magnetic fields up to 5 T. The tempera-
YBaCo,_,CuOs. 5 (0.3<x=<1) has been refined from neu- ture range for the magnetic measurements spans from 1.7 to
tron powder-diffraction data by Barbest al’® and Huang 800 K. The field dependence of magnetization was studied
et al’®in the space group4/mmm The magnetic structure UP 0 12 T using a vibrating sample magnetometer from

of these compounds changes gradually with the cobalfPXford Instruments.
copper ratio: the magnetic moments are aligned parallel to

the ¢ axis forx=1 with a propagation vectdk=(3,3%,3), RESULTS AND DISCUSSION
while they lie on the basal plane fox<<0.75 with k Remarks on the nuclear structure

=(z,2,1); for intermediate values two magnetic transitions g pest agreement between our neutron-diffraction data
are found. When half of the copper atoms are replaced byng calculated patterns were obtained for the structural
iron in YBaCuCoQ (Ref. 17 the magnetic cell changes, the y,0del developed by Huanet al® for YBaCuFeQ in the
magnetic structure beinngSimiIar to that observed inspace grougP4/mmm In this model iron and copper ions
YBaCq, CUOs. 5 (x<0.7). _ occupy one crystallographic position, being randomly dis-
The magnetic behavior of PrBaCufgQ is more com-  yihyted among the two equivalent B@yers. We note that
plex. For sa?gpleg with>0, no long-range magnetic order conyergent beam electron diffraction on the same
is (_)bservec?; while Fhe stru_cture of the st0|ch|ometrlc ma- yBaCuFeQ sample used in the present studies gave strong
terial can be described with two propagation vectéis  evidence for a centrosymmetric structure, supporting the use
=(3,3.3) andk,=(3,3,1). Two equivalent models are pos- of space groupP4/mmm?? Including the splitting of the
sible: an incoherent mixture of domains of different phases<Cu/Fe position, as proposed by Caignaatral,? did not im-
and a canted structure. prove the reliability factors significantly. The structural pa-
Therefore, the magnetic behavior of LnBa@@®s; rameters for YBaCuFefQand (Y;_,Ca)BaCuFeQ_; at
(Ln=lanthanide,M =Fe,Cq9 is an interesting and topical room temperature are summarized in Table I, the corre-
field of research. In this paper the magnetic structure ofponding observed and calculated patterns are shown in Figs.
YBaCuFeQ below Ty, is presented and compared to thel and 2. The oxygen vacancies in the nonstoichiometric
intermediate magnetic structure observed at room temper&ompound,s=0.052), aresituated on the @) site, i.e., in
ture. The effect of the partial substitution of yttrium by cal- the basal plane of the square pyramids. As a consequence,
cium on the magnetic properties is also reported. some iron or copper ions are coordinated to four oxygens in

Samples have been prepared by the “nitrates metfibd”
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FIG. 1. Observed and calculated neutron-diffraction patterns at

room temperaturgtop) and 8 K (bottom for YBaCuFeQ (A
=1.475A). The nuclear structure has space grBdgmmm the
magnetic structures correspond to the AFdom temperatupeand
AF2 (8 K) models.
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FIG. 3. Molar susceptibility and inverse molar susceptibility vs
temperature for YBaCuFeQup and down triangles, respectively
and for Y, L8 oBaCuFeQ g5 (squares and rhombuses, respec-
tively).

a very distorted tetrahedral environment. The actual Y/Ca
ratio of this sample was determined from x-ray powder dif-
fraction because of the better contrast of these elements for x
ays than for neutrons. Combining both techniques results in
the composition(Y  g42/Céy 052)BaCuFeQ g5

MAGNETIC STRUCTURE
Magnetic behavior

As deduced from the magnetic susceptibility measure-
ments and Msesbauer spectroscopy, the compounds
LnBaCuFeQ (Ln=Ilanthanide) are antiferromagnetically or-
dered at room temperatute>®'°and the Nel temperature
Ty is about 460 K for YBaCuFe{' The magnetic ordering
is strongly affected by the replacement of yttrium by other
rare-earth elements like praseodymitin8the presence of
extra oxygen in the structufé:®8or even by low levels of
doping on the yttrium site, as will be shown.

Figure 3 shows the molar magnetic susceptibility and the
inverse susceptibility versus temperature for YBaCuf-e®O
first antiferromagnetic transition is observedTat; ~475 K
and a second well-defined transition is found &
~240 K. At low temperaturesT(= 20 K) a third anomaly is
observed.

The field dependencéaup to 12 T) of magnetization in
YBaCuFeQ is shown in Fig. 4. The data for 8 and 250 K
have been fitted by a linear dependence, while those corre-

FIG. 2. Experimental and calculated neutron-diffraction pattern%ponding to 150 and 200 K are described by a field-induced

at room temperature fofY o 9/ Cé& o9BaCuFeQqs The models of

transition between two phases with a lin@éd{H) relation

both the nuclear structure and the structure of the major magnetig, aach phase:

phase are similar to those used in the undoped material. Poorly
defined peaks belong to a secondary magnetic phase with unit cell
a,=v2a andc,=c.

M(H)=1/24M,[1—-tanhiH—-H¢)/ o]
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FIG. 4. Magnetization vs magnetic field up to 12 T for YBaCuE@D8, 150, 200, and 250 K. The calculated magnetizations according
to Eqgs.(1) and(2) with the parameters of Table IV agree very well with the observed ones, and the difference is smaller than the size of the
symbols. These curves are not shown for clarity, but the extrapolations of the linear behaviors at 150 and 200 K to emphasize the existence
of field-induced phase transitions. No significant hystereses have been observed for increasing vs decreasing field strength.

+My[1+tanHH—H¢)/ o]}, ) temperatures with respect to the value observed for the un-
_ doped compound T;~475K). The anomaly observed
with around 100 K can be assigned to the second antiferromag-
_ _ netic transition found in YBaCuFeQat Ty,~240 K. As
Mi=xH and M,=aH+Mo,. 2) stated above, the calcium doped materials show some degree

The field-induced transition is broadened thermally as welPf oxygen deficiency; the same situation in calcium-doped
as due to powder statistics by the dependence of the criticafBa;CusO; is considered to result from a constant oxidation
field strength on the specific field orientation in each crystal-state for the copper iorf$.The shift of the ordering tempera-
lite. The pronounced deviations from linear behavior at 15Qure to lower values may be a consequence of the oxygen
and 200 K are emphasized by the extrapolation of the lowvacancies in the B©layers that break down some B-O-B
field slope. The best fitting parameters are summarized isuperexchange paths. Indeed, the magnetic phase transition
Table IV and suggest field-induced transitions at 150 andAF1—AF2 seems to be suppressed in the calcium-containing
200 K from a low-temperature magnetic structure belowcompounds, probably due to the weakness of the magnetic
Tn2~240 K into the intermediate phase betwegg, and  superexchange within the B@lanes. The magnetic behav-
Tn2 in zero field. This phase transition can only take placeior of the LnBaCuFe@.; (Ln=lanthanide) compounds
below Ty, and therefore no such transition is observed aseems to be very sensitive to the oxygen content; both the
250 K. No field-induced transition is observed8K either,  oxygen-deficient(Y /& o9BaCuFeQ g5 and the oxygen-
but for a different reason. A critical field strength greaterexcess compounds PrBaCuke® (Refs. 9 and 1B and
than 12 T is estimated by extrapolation to this low temperaNdBaCuFeQ 5 (Ref. 3 have very different magnetic prop-
ture. erties from those of the parent material YBaCukeO

The temperature dependence of the molar magnetic sus-
ceptibility of (Y 94C 09 CuFeQ gsand the inverse is shown
in Fig. 3. The data follow a Curie-Weiss law in the tempera- The magnetic structures of YBaCuFg®ave been de-
ture range from 350 to 500 K, wit€=4.76 emu K mof!  duced from neutron powder-diffraction experiments per-
and §=—790 K. These values suggest that strong shortformed at 600 K &Ty;), room temperaturgbetweenT
range antiferromagnetic interactions are present in the irorandTy,), and at 200, 150, and 8 Kall below Ty;).
copper sublattice. A broad peak is observed aroiiRg The magnetic unit cell at room temperature consists of
~325K; this transition is shifted by about 150 K to lower four chemical cellsan,=+2a and c,=2c. To allow for

Refinement of the magnetic structures
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TABLE Il. Dependence of the magnetitvalues on the canting T — 1 i
angle in YBaCuFe@at room temperaturdeft) and 8 K(right). |+ | » [001] 4 —
¥ R
9° Rinag 9° Rinag | e
0 0.407 0 0.314 + T
46.3 0.289 35.8 0.262 | -A A
59.1 0.277 49.3 0.241 — Pyt
54.2 0.274 54.7 0.237 em =8¢ T Dy
50.1 0.278 61.5 0.242 =1, A
90 0.292 90 0.259 - -
+
|
canting of the magnetic moments with respect to the fourfold L~ 14
rotational axis, the magnetic structures are refined in space -
group P-1. The best agreement between calculated and ob- 4 \L
served intensities is achieved for a collinear model with AF2 ABL

=1.45(5)ug and a canting angléy=55(5)° to thec axis,
the magnetic moments within one chemical cell being anti-
Eg;aggiaﬁloezﬁfnhag 2 ?:(.Jr:l—wset gfr;gi:tg:}ng elnmtggeré%gtlll:lg aasngl?om] for the tlwo cpllinear antifgrromagnetic phase; AF1 and AF2.
. . . . If the magnetic unit cell of AF1 is denoted Asthe unit cell of AF2

given in Table II. This phase will be referred to as AF1. Theis built up from a sequencaA-A-A along[001]
upper section in Fig. 1 shows the observed data, the pattern '
calculated using the above modetystallographic and mag-
netic structures and their difference. direction. The transition from AF1 to AF2 with decreasing

In the diffraction patterns recorded at temperatures beloviemperature is accompanied by a flip of half of the sgis
T2, @ significant splitting of the magnetic reflections of to —A). Every four chemical cells, the ferromagnetic order-
AF1 is observed, most clearly for the reflectich} 2) in  ing across the basal plane of the unit cgl,—][—+] or
AF1 that is split into(3 3 §) and(3 3 3) in the new magnetic [—+][+—], changes to an antiferromagnetic ordering,
phase AF2see bottom of Fig. 1 The magnetic unit cell of [—+][—+] or [+—][+—] as shown in Fig. 5. The latter
AF2 is similar to that of AF1 withay,=a,,, but a fourfold  kinds of spin sequences along tbexis, for whichc,=c,
increase inc, i.e., cy=4c,,=8c. Only reflections withhy, have previously been found in YBag&gCuOs (0.3<x
+ky andl,, odd appear, reducing the number of indepen-<0.5),"> YBaCoCuy Fe, :Os,*” and more recently in the sto-
dent magnetic moments to 8, e.g., those in four successivishiometric phase of the praseodymium-containing com-
chemical cells along001]. Only one collinear model gives pound PrBaCuFe§'® all of them isostructural with the title
a good agreement between observed and calculated intensempound YBaCuFef Even for the latter, Caignaest al®
ties: again the magnetic moments within one chemical celhave observed in the neutron-diffraction patterns recorded at
are antiparallel, but the sequence aldf@1] is more com- low temperature some magnetic reflections with indices
plicated than in AF1. A schematic representation of both(h/2,k/2]) (I integra) corresponding to a magnetic unit cell
phases is shown in Fig. 5 for comparison. If the magnetia,,=v2a andc,,=c.
unit cell of AF1 is denoted a8, then the magnetic unit cell The transformation from AF1 to AF2 can take place via
of AF2 is built up from a sequencAA-A-A along[001]. intermediate phases, similar to then anglephases between
The magnetic moments are refined to values of 2.35¢35) AFI and AFIl in YBCO* The presence of splitting and peak
at 8 Kand 2.15(15)g at 150 K and 200 K, respectively, and broadening in the diffraction patterns, recorded at 150 and
the same canting anglé=55(5)° asrefined for AF1 at 200 K, may reflect some intermediate state between AF1 and
room temperature. Table Il summarizes the structural paAF2. A magnetic unit cell withcy, of about 60 A will be
rameters for YBaCuFe{at 8 K. very sensitive to stacking faults alop@01]; thus, the AF1 to

The magnetic phase of YBaCuFe@t low temperatures AF2 transition can proceed through some unusual sequences
is formed by a rearrangement of the spins along[0®1] along[001], such as incommensurate or long-periodic inter-

FIG. 5. Schematic representation of the spin sequences along

TABLE IIl. Structural parameters for YBaCuFgCat 8 K. S.G: P4/mmm a=3.8693(2) A, ¢
=7.6389(4) A, v=114.4(1) B, R,=0.075,R,,,=0.101,Ry,4=0.237,x°=3.6.

Atom Site xla yl/b Zc Occupation BegA?
Ba la 0 0 0 1 0.729)
Y 1b 0 0 : 1 0.427)

CulFe p) i 1 0.26843) 1/1 0.516)

o(1) 4i i 0 0.316@3) 1 0.606)
0(2) 1ic : i 0 4 1.11)
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TABLE IV. Best fitting parameters according to E¢$) and(2) for the field scan$/1(H) on YBaCuFeQ
at different temperatures.

T (K) Xo [107% emulg G)] H. (T) o [T] a [107% emulg G)] M, (102 emu/g)

8 8.43
150 8.53 7.1 3.2 10.52 8.0
200 8.59 4.7 2.4 10.52 11.2
250 10.24

mediate phases. In this connection, Caigneesi® found an  are imprecise and the agreement factors are high. The struc-
incommensurate phase beldly, with propagation vector tural and agreement parameters for this model are given in
k=(0,0,0.211) at 20 K, referred to the magnetic cell. Theselable I.
authors determined the spin correlation length of about 70 A The weakness of the magnetic interactions in
by the simultaneous fitting of the magnetic peaks and theifY 4, Ca o9BaCuFeQ o5 prevents the long-range magnetic
satellites. Nevertheless, at sufficient low temperature, theorrelations along00l]. As a consequence, a secondary
magnetic structure has to lockin commensurately. It is anagnetic phase with unit cedl,=v2a andc,,=c appears at
well-known phenomenon in antiferromagnetic materials exroom temperature, accompanied by a lowering of the order
hibiting intermediate phases in zero field, that an externatemperaturely; for the predominant phad@F1). Further-
field parallel to the easy directiafwhich is always the case more, the transition to a low-temperature magnetic phase,
for some particles in polycrystalline samplésduces(at low  observed belovl, in the undoped compound, seems to be
temperaturegsa transition to the intermediate phase or stabi-hindered. Thus, the magnetic structure of the predominant
lizes the intermediate phase to lowest temperatures. The prghase in(Y 9/ & 09BaCuFeQ g5 in the temperature range
nounced deviations from a linear dependence of magnetizdrom Ty; down © 8 K is that determined for YBaCuFeO
tion as a function of field in YBaCuFeGat 150 and 200 K, betweenTy, andTy,, i.e., AF1.
Fig. 4, suggest a field-induced transition, supporting our ob- Neutron-diffraction data, recorded on the calcium-doped
servation of low(AF2) and intermediat¢AF1) temperature sample after thermal treatment in argon atmosphere for 12 h
magnetic structures. at 873 K, show very broad magnetic peaks and well-defined
The partial substitution of yttrium by calcium induces reflections, revealing a magnetic unit call,=v2a andc,
very significant modifications of the magnetic structure of=2c. However, no peaks with indiceh2 k/2]) are ob-
YBaCuFeQ. Figure 2 shows the neutron diffraction pattern served showing that the thermal treatment has modified the
of (Yool ogBaCuFeQgs at room temperature. Broad magnetic interactions in this material. Thermal treatments in
magnetic peaks, associated with short-range interactions reducing atmosphere induce in cobalt- and ir on-doped
within the CuFeQ layers, are observed. Well-defined mag- YBa,Cu;O, the formation of clusters of the trivalent metal
netic peaks are also present, the most intense ones haiehs!® Also the oxygen content of the calcium-doped
Miller indices (h/2k/2)/2), and weak peaks with indices material is slightly modified, the actual composition of
(h/2k/2]) are also observed. The latter arise from an antithe sample after the reducing treatment being
ferromagnetic ordering for which the axis repeat of the (Y, /e o9BaCuFeQgsg,. Both the clustering of the iron
crystallographic unit cell is preserved in the magnetic one. Acations and the slight loss of oxygen might account for the
similar magnetic unit cell has previously been reported forchange in the magnetic structure of the sample.
the stoichiometric praseodymium containing material
PrBaCuFeQ*® Even for the parent compound YBaCuReO
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