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Magnetic structures of Y,SrCug ¢Co; ,Og 5 and Y,SrCuFeQ; 5
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The nuclear and magnetic structures of two layered mixed copper transition-metal ox®ea:Co; 405 5
and Y,SrCuFeQs have been determined from time-of-flight neutron powder diffraction. Both compounds
consist of apex-linked pyramidal @Qw/Og5 double layers, which alternate with oxygen defectiv®Y s fluorite
layers. The Co-containing compound has a simple magnetic structure with a ShubnikoV lytatm. The
magnetic moments (2w2;) of this compound are aligned along the crystallograjihéxis with antiferromag-
netic order between neighboring Cu/Co ions. In contrast, the Fe-analog possesses a complicated noncolinear
magnetic structureRc’c’n, with momentsmL c), which can also be considered as comprising two compo-
nents withl’bam’ andIb’a’m symmetry. The combination of the two components results in an 82° angle
between the spins of Cu/Fe ions in neighboring Cu/Egf@nes within a given double layer. The approximate
90° rotation of the moments results from a ferromagnetic interaction between the neighboring Cu/Fe ions along
the c axis through the apical oxygen atoms. The ferromagnetic component may originate frorrdﬁg@p-
Fediz type exchange interaction. The implication of such an interaction to related layered cuprates is also
discussed. By symmetry analysis, the magnetic structure of the Co compound can be classisd agpa
and the appearance of weak ferromagnetism can be attributed to the Dzyaloshinsky-Moria interaction which
couples theG,g mode and-,f mode in the same representation of tham space group.

[. INTRODUCTION samples have not fully resolved the magnetic structure and
could not, for example exclude other possibilities such as
Magnetic interactions in layered cuprates play a fundaferrimagnetism resulting from a nonunique cation distribu-
mental role in the superconductivity displayed by many oftion on the Cu/Co sites. In addition, although the nuclear
these compounds. Doping the antiferromagngieM) par-  structure of the Fe compound was determined by I€iral.
ent cuprate compounds usually produces a sharp reduction ffPm neutron powder-diffractiodNPD) data, they were un-
the AFM transition temperatur@,, and at a sufficiently able to solve the magnetic structure from their low-
large hole concentration, superconductivity may occur. Syst_emperature data set. In this report, we describe the magnetic
tematic doping studies of layered cuprates, aimed at findingtructures of both compounds, which have been determined
new highT_. superconductors, have led to the discovery of y time of flight NPD.
several interesting layered oxides in which transition-metal
(TM) ions occupy some of the copper sites in the Cu-O

planfas. Although these TM ions often break t_he SUPErcon- The preparation of ¥SrCu, (Co; 4Os 5 has been published
ducting state of_the layered cuprates, it may still b_e of !nter'elsewherézs A powder sample of YSrCuFeQs was pre-

est to study their effects on the magnetic interactions in th‘bared from %05, SrCQ;, CuO, and Fg0,. The mixture of
cuprate systems. Of such compounds reported to date, thgarting materials was repeatedly sintered at 1100 °C in air
simplest ~ structure  types include  YBaCuR€O for 36 h to obtain a single phase product. The samples were
YBaCuCoQ,? Y,SrCuFeQs,? and (Y,Ce)]SrCuFeQ.“ checked for their purity by XRD with a Siemens D5000
The common structural feature of these compounds is thdiffractometer. Variable temperature time-of-fligktOF)
presence of apex-linked double pyramid®Os layers NPD patterns of the two compounds were collected at PO-
(M=Cu, Fe, Co. The structures are directly related to LARIS (ISIS, RAL, Oxford, UK). Field-cooled(FC) and

the superconducting parents YRA,0; and  zero-field-cooled(ZFC) dc magnetizations were measured
(Nd,Ce)Ba,Cu;0,_5, and are derived by removing the using a Cryogenics S100 superconducting quantum interfer-
central BaCu®@ chain unit. Similar to most undoped layered €nce device susceptometer with an applied field of 500 Oe.
cuprates, these compounds are found to show antiferromagptructure refinements were performed using the NPD data
netic order. Recently, Lét al. have reported a cobalt substi- and theGsas package.

tuted layered cuprat®Y ,SrCuy, ¢Co; Og 5, Which, according

to x-ray diffraction (XRD), is isostructural with Ill. RESULTS

Y,SrCuFeQ@s. Unlike the Fe-containing compound, which
shows AFM order below 265K as indicated by magnetiza-
tion and Masbauer studiesthe Co analog has a ferromag- The XRD patterns  of  ¥SrCy «Co, .Oss and
netic transition with T,=385 K. Detailed magnetization Y,SrCuFeQ s showed them to be single phase, and all the
studies suggested that the compound is most likely a weadliffraction peaks could be indexed with the same space
ferromagnef. The magnetization measurements on powdegrouplbam. The magnetic properties of,8rCu (C0; /¢ 5

IIl. EXPERIMENT

A. Magnetic properties
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FIG. 1. Field-cooledtop) and zero-field-cooledmiddle) mag-
netic susceptibilities of ¥YSrCuFeQ s, the line at bottom is the
difference (rc— xzec) plot.

100

20

80

70

60

Intensity(Counts/isec)

30 F

100

90 |

70

50

Intensity(Counts/usec)

-10

have been reported elsewh&&.FM moment was observed
below T.=385 K, but the FM moment was only 0.8 emu/g
(0.07ug per formula unit at 4 K. From the temperature de-
pendence of the magnetization, it was speculated that the FM
moment originates from spin canting of the AFM ordered
moments of the Co and Cu ions. FosfCuFeQ s, a broad
peak around 255 K was observed in the magnetic suscepti-
bility curves for our sampl€Fig. 1), which is in general
agreement with Ref. 3. In addition, there is a discrepancy
between ZFC and FC magnetizations for our sample. Al-
though this feature could possibly indicate the presence of an
impurity FM phase(with an ordered moment of 2310 3
emu/g at 10 K the coincidence of ; with the AFM transi-

tion temperature makes this interpretation unlikely. We
therefore believe that the signal is intrinsic to the main phase
and is indicative of a canted AFM structure, as observed in
the Co-containing compound.

B. Structure refinement and nuclear structures

The nuclear structures of the two compounds have previ-
ously been reportet Rietveld structure refinements in the
present study were based on NPD pattéiffigs. 2a) and
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MAGNETIC STRUCTURES OF ¥SrCu, (C0; Ogs. . -

TABLE I. Structural parameters of ;6rCuFeQ@; at 2 K (space

group lbam, a=5.40813(6) A, b=10.7111(1) A, ¢
=20.2412(2) AR,,=1.33%, x*=1.940).
Atoms X y z Uso (A2 @
Y 0.20921) 0.361926) 0.184132) 0.00221)
Sr 0.20672) 0.36571) 0 0.006%2)
Cu/Fe® 0.71681) 0.383265) 0.098072) 0.00341)
o1 0.19602) 0.108949) 0 0.00432)
02 0 0.5 0.1063(6) 0.00422)
03 0 0.5 0.25 0.0043)
04 0.5 0.2775®)  0.25 0.003(®)
05 0.456%2) 0.252768) 0.107934) 0.00441)
06 0 0 0.3558(5) 0.00392)
Bond lengthgA) Cu-O1  1.99044) Cu-02  1.984(6)
Cu-O5  1.9941) Cu-O5  1.96Q1)
Cu-06  1.952(7)
Bond angles (°) Cu-O1-Cu 17163 Cu-0O2-Cu 170.3@)
Cu-O5-Cu 167.86) Cu-06-Cu 122.86%)

8Mean-square atomic displacemet,,= B /4.

®Ordered moment at this site, = 1.36(2)ug with magnetic space
group Ib'a’'m and m,=1.56(2)ug with

=0.992):1.01(2).
TABLE II. Structural parameters of 38rCu, (C0; 4Og 5 at room temperaturdand 2 K® (second ling

I"bam’; Cu:

Fe

14151

2(b)] and starting models reported in previous XRD and
NPD studies. Both the high-resolutid®-bank (20=145°,
back scatteringand the wide range A-bank @2 35°) data
were included in the refinements, which employed an inter-
polated background and pseudo-Voigt profile function.
Sample absorption, extinction, and preferred orientation pa-
rameters were also refined simultaneously with other struc-
tural and instrumental parameters. Since no significant dif-
ferences were found between the results obtained for the
nuclear structure of YSrCuFeQ s and those determined by
Kim et al. at room temperaturéRT) in the paramagnetic
state® only the low-temperatur& K) data are reported here
(Table ). The refined structural parameters of the Co-
containing compound at RT dr2 K are listed in Table II.

C. Magnetic structure of Y ,SrCuq¢C0, 40545

For Y,SrCuy ¢Co; Og5 at 2 K and room temperature,
peaks which violate the extinction rules bfam were ap-
parent and could be indexed with the indi¢&61) and(103
based on the nuclear unit cell. The peaks were found to dis-
appear above the Curie temperat(885 K, Fig. 3, indicat-
ing that they are magnetic in origin. Assuming an AFM in-
teraction between neighboring Co and Cu ions, the magnetic
peaks can be satisfactorily modeled only if the moments are

Atoms X z Uso (A2
Y 0.206468) 0.3616%4) 0.183342) 0.00431)
0.20581) 0.361935) 0.183232) 0.00081)
Sr 0.196%2) 0.363888) 0 0.00931)
0.19592) 0.363%1) 0 0.00321)
Cu/Co? 0.71112) 0.383937) 0.099734) 0.00812)
(at2 Ky P 0.71162) 0.383979) 0.099585) 0.003711)
o1 0.18872) 0.107948) 0 0.01012)
0.18742) 0.10771) 0 0.00352)
02 0 0.5 0.10418) 0.00752)
0 0.5 0.103987) 0.00352)
03 0 0.5 0.25 0.00532)
0 0.5 0.25 0.001B)
04 0.5 0.2773@) 0.25 0.0042)
0.5 0.2775D) 0.25 0.001®)
05 0.477%1) 0.252186) 0.106043) 0.00731)
0.47731) 0.251998) 0.105734) 0.00341)
06 0 0.355281) 0.007711)
0 0.35508%) 0.00422)
Selected bond lengthd\) and bond angles (°)
Cu-0O1 Cu-02 Cu-05 Cu-05 Cu-06
1.99967) 2.00518) 2.0141) 1.9491) 1.91729)
1.99249) 2.00Q1) 2.0172) 1.9421) 1.9191)
Cu-0O1-Cu Cu-02-Cu Cu-05-Cu Cu-06-Cu
RT 171.4Q7) 174.927) 171.65%5) 124.045)
2K 170.869) 175.038) 171.797) 123.7Q7)

4Magnetic space groutb’a’m, a=5.43051(6) Ab=10.7327(1) Ac=19.9936(2) AR,,=1.67%, x*
=1.685,m,=1.66(1)ug; CP*: Co**: Co** =0.6304):0.37q4):1.
PMagnetic space groufh’a’m, a=5.42342(6) Ab=10.7175(1) Ac=19.9449(2) AR,,=1.19%, x?

=1.454,m,=2.18(2)ug -
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nuclear unit cell. The refinement clearly demonstrates that
below T, the material shows AFM order, and the ferromag-
netic (FM) moment must originate from a canting of the
spins. Although the space group’a’m does allow a FM
component along the direction, attempts to include this
component into the refinement resulted in a very small mo-
ment (m=0.05ug/atom at 2 K with a large estimated stan-
dard deviation (0.03g). This moment agrees well with the
magnetization measuremefitbut the value has little quan-
titative significance in comparison to that derived from the
low-temperature magnetization.

D. Magnetic structure of Y,SrCuFeQg 5

The NPD pattern of ¥SrCuFe@ s at 2 K has three major
additional peaksd=5.2 A , d=4.23 A, andd=3.23 A
when compared to the RT pattertidg. 5). Although at first
glance it seems that these peaks might also be indexed on the
nuclear unit cell with the indice$101), (103), and (105),
attempts to account for these peaks on simple magnetic mod-
els failed for all simple orientation of the moments; a similar
conclusion was reached by Kiet al3 Close inspection of
the diffraction peaks indicated that each is actually com-
posed of two indices{101)+(021); (103 +(023 and (105
+(025). The former indices in each pair fulfill the condition,

3 4 5 6 h+k+1=2n, suggesting that the body centering is pre-
. served in the magnetic space group and a propagation vector
dA) of k,=(1,1,1) can be deduced based on a primitive cell
(with  basic vectors a,= —a/2+b/2+c/2, by=al2—Db/2
+c/2, andc,=a/2+b/i2—c/2) ® However, the latter indices
suggest violation of the body centering condition in the mag-
netic space group and the propagation vector musk,be

aligned along the crystallographicaxis. Thus a final refine- =(3,%,3). With these observations in mind, we successfully
ment was attempted for a magnetic model with magnetieanodeled the peaks with a magnetic structure containing two
Schubnikov space groupb’a’'m [S1=-S2=S3=-$4 components: one witib’a’'m symmetry as for the Co-
and L1=—-L2=L3=-L4, Fig. 4a)]. The refinement containing compound, and another wittbam’ symmetry.
quickly converged to good agreement indices WRY,  The magnetic moments of the former component is along the
=1.67%, x*=1.685 at RT an®R,,,=1.19%,x’=1.454 at2 b axis[Fig. 4] as for Y,SrCy, (Co; ,0¢ 5 and the moments

K. The ordered magnetic moments at each site were alsof the latter component were found to align along ¢haxis
obtained asn,=1.66(1)ug at RT andm,=2.18(2)ug at 2  [Fig. 4(b)]. It is pertinent to note that in the latter component
K. There is no evidence of atomic order at Cu/Co site in thdt is crucial to have a FM arrangemejit1=—-L2=—1L3

Neutron Intensity

FIG. 3. Neutron-diffraction patterns A( bank of
Y,SrCuy ¢C0; 4O 5 at various temperatures, the magnetic diffrac-
tion peaks are marked by arrows.

FIG. 4. Crystal and magnetic
structure of Y%SrCu ¢C0; 4Og 5
and Y,SrCuFeQs. The large
shaded circles represent Sr atoms,
medium filled circles are Y, small
filled circles are Cu/Fe/Co and
small open circles are oxygen.

a: Iv'd'm, m//b *  b:I'bam', m/fa
Y28rCu.6Co1.406.5 AFM, Ga type Y28rCuFeOs6.s
WFM, Gg type Gg+Ga type
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160 [

tuted materials, and assume that the Ces also in the HS
state, an ordered moment ofug can be estimated for

Y ,SrCy, ¢Co; 4Og 5 based on the spin only moments of the
Cu and Co ions, which is in good agreement with the refined
value. The small discrepancy can be accounted for by orbital
contributions from the Co ions. It can therefore be concluded
that both the C&" and CJ* ions in Y,SrCu, (Co, /Og 5 are

in HS states.

In order to better describe the magnetic structures and
understand the origin of the appearance of weak ferromag-
netism(or canted AFM in the tittle compounds, it is helpful
to perform a symmetry analysis. There are 16 equivalent
magnetic ions in the nuclear cell: the magnetic moments of
the four ions within one layer may be represente®hsS2,

S3, and$4 and the magnetic moments of ions in successive
layers may be representedlas, L2, L3, andL4 [as shown
in Fig. 4a)]. Following Bertaut? we can define
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Neutron Intensity
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F=S1+S2+ S3+ 4,

d(A)

FIG. 5. Neutron-diffraction pattern®A(Bank of Y,SrCuFeQs G=S1-S2+33-34,

at room temperature and 2 K, the magnetic diffraction peaks are

marked by arrows. C=S1+S2—-S3—-4,

=L4, Fig. 4b)] between the moments on the Cu/Co ions A=S1-S2-S3+34,

which share the same apex oxygen in the dobb@s; pyra-  and similarly
midal layer. The Rietveld refinement based on the above two

components gavi,,,= 1.33% andy®= 1.940. The magnetic f=L14+L2+L3+L4,
moment obtained for componentlb’a’'m is m,

=1.36(2)ug, Whereas that for thé’bam’ component is g=L1-L2+L3-L4,
m,=1.56(2)ug, With an average moment per site |of|

=2.07ug. The magnetic peaks can equally wellith iden- c=L1+L2-L3-L4,
tical agreement indicée modeled with a magnetic space

group Pc’c’n, which is the intercept space group between a=L1-L2-L3+L4.

Ib’a’m and |’banm’, but with a near perpendicular (82°)

arrangement of neighboring Cu/Fe spins across the double APPlying all symmetry operations of the space group
M Os layer [Fig. 4(c)]. Ibam on the above vectors, we obtained all the representa-

tions of Ibam with the above vectors as the basis Getble
III). The table indicates that the magnetic structure of
Y,SrCy ¢Co, Op 5 actually belongs to theG,g type,
The chemical formula ¥SrCy ¢Co, 4Og 5, requires that whereas that of the Fe analog belong$&i@ andG,a type.
the valence states of the magnetic ions are 0?6QuP), It is now understood that the in-plane Co-O-Co, Co-O-Cu
0.4CF"(d"), and 1C3*(d®). Assuming that C®" is in the  or Cu-O-Cu couplings all give AFM orderingx type) based
expected high spin(HS) state as found in related on the Samedi2—y2'2p'di2—y2 superexchange interaction
compounds;'® the average ordered moment of 248at 2 since in C4*, C&* (HS), and C8* (HS) thedyz_2 orbitals
K is consistent with C&" being in an intermediate spiifS)  are all half populated. In the direction, the superexchange
state. In this case, the average spin only moment for ions afteractions across the apical oxygen atom within the double
each site can be calculated as 0-3‘2(Cf1#e_;)+0-2[002+ pyramidal layer are complicated. The e0-Co",
(HS), 3ug] +0.5C0™ (IS), 2u]=1.9ug, in reasonable c@2*.0.c@*, or CG*-0-C* interactions, all with al’,-

agreement with the refined moment. However, for the Fe-., 1 ;
containing compound, the ordered moment is only 287 ©O2p-d,-type superexchange, will favor an AFM ground

and a HS state must be assigned to th&Fen since IS or ~ State, V\ghereas the exchange pathway'@60** (dz)-02p-

low spin (LS) states of F&" are very rare among the oxides. CU**(d2;) may provide a FM interaction. However, in the
In this case the estimated spin only moment will hez3er  Co-containing phase, Co/€ul, such that the AFM interac-
site, and the NPD derived value is 30% lower. We therefordion may well dominate and lead to an overall AFM interac-
sought a different explanation for the moment reduction, ondion across the double layet {= —L4,L2=—L3). In con-
possibility being the two dimensionality of the compound, trast, the interaction between the double layers is difficult to
since it is known that the ordered Cu moment can be reducegredict since it involves the M-O-Y-O-M pathways through
to 0.6ug (or even 0.4g) from its theoretical spin only value the defective fluorite YO, 5 layer, but the observation of
(1up) in layered cuprates. If we assume a similar reduc- three-dimensional AFM orderingdg type) at 385 K in the
tion rate for the ordered moments of the Fe and Co substisample means that it is also an AFM interaction.

IV. DISCUSSION
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TABLE lll. Symmetry analysis for the space grotipam. tion, while the interaction through the double fluoriteQ¥, 5
layer is AFM as in the Co phase, of the interactions across

Symmetry Representations Magnetic  the double pyramidal layer, Cu-O-Fe may give FM interac-
baml X y z SPace grouP  tion via Cud%-02p,-Fed, exchange, but Fs,-02p,-Fed’,
NI Gg Cc Aa Ibam’ superexchange will favor AFM orderingthe exchange
BT Ac Fg Gf Iam through Cu-O-Cu ire direction can be neglected for there is
444 Fg Ac Ca Ibdm no direct overlapping between the @7y2 and oxygen or-
——++ Cc Gg Ff Ib'a’'m bitals involved. If the Cu/Fe ions are ordered into separate
layers, a pure FM ordering through the double layer will be
R Gf Ca Ac Ibam observed. However, both the nuclear structure determination
e Aa Ef Gg 10 am’ and the magnetic structure provide no evidence to support
+o— 4 Ef Aa Cc lbadm’ such order in ¥SrCuFeQ@s. It is therefore possible that the
4 Ca Gf Fg Iba'm’ AFM and FM interactions across the double pyramidal layer
are of similar strength and result in a noncolinear AFM struc-
a4 Ge Cg Af 'bam ture with 82° between moments on neighboring Cu/Fe ions.
4 Ag Fc Ga 'b’am At this stage, we may compare the magnetic structures of
L Y,SrCuFeQs and Y,SrCuy, ¢Co,; /Og 5 With those reported
+—+ Fc Ag Cf Ibam : 9.6 ELA—0.
e Cg Ge Fa 'b’a’m for related compound8isted in Table 1\j. Note that except
] , for the compounds studied here, all possess tetragonal sym-
+4+-- Ga Cf Ag I'bam A S
e Af Fa Ge b am’ _metry (P4/m-m n)., where an amblgwty of the spin alignment
e . Af c ba'm’ in the x,y direction necessarily occurs. For YSrCuke®
a g am RBaCuFeQ@,™" and YBaCuCo@,'® the appearance d,
———= cf Ga Fc I'b’a’m’

=(3,3,1) definitely indicates that the interaction across the

double layer is AFM, while observation &= (%,%,3) may
From the symmetry analysis, &n,f-type ordering be- mean it is AFM or FM or a mixture of both. The latter

longs to the same representation as &g type. The anti-  ambiguity is due to the fact that the structure of these com-

symmetric part of the interaction, pounds is closely related to the perovskite structure, and with
Zcwre~0.25 it is impossible to differentiate between the spin
Hanti=AijS X §=DyAGy9)(F,f), arrangementst +Y—— (a type) and +—-Y—+ (c type,

Table 1V). In the YBaCg_,Cu,O5 and YBaCoFg_ ,Cu,Og
known as Dzyaloshinsky-Mori¢DM) interaction:® will mix ~ systems:*®when 1=x=0.8 onlyk, was observed and when
them together, and cant the spins towards zhgirection.  x=0.4 and 0.5 onlk, was observed. The latter case is iden-
From the refined value of the ordered AFM moments at 2 Kical to our Co phasex=0.6) where AFM order across the
and the measured FM moment at low temperdtwe can  double MOs layer was also observed. In the former case,
work out that the canting angle of the spins frbrtowardsc  together with those for YSrCuFgCand RBaCuFeQ, k;
in Y,SrCu ¢Co; /Og5 is: f=tan '(0.035/2.18)=0.92°. A was always observeds was also observed for YSrCuFgO
similar calculation for the small FM moment in the Fe ana-andRBaCuFeQ). These observations are all consistent with
log gives a canting angle of 0.003°. . the assumption that in-pland)l(zf 2-Py y'di‘27 » superex-

Though the magnetic structure 0f,3rClpeC04O65 IS change results in AFNG-type order of the CM moments in

clarified, our understanding of the magnetic order in 1
Y,SrCuFeQ@; is incomplete. The NPD refinement indicates the same "'?‘ye“ whereas across the double- @@sz d2
; exchange is FM in nature when the two ions involved are

that it is composed of two componentg,’a’m(G,g) and ; . .
|’bam’ (G,a), which may mean that on cooling from the Q|fferent (oneM and one Cu Ordering of Cu andvl ions

/ . into separate layers would provide a solely FM interaction
paramagnetic phase, the compound undergoes two differeil e
phase transitions and orders into two magnetic phéses ﬁlr;stlLéch\]”?rdetrhh?AS/geen tpro'posled fotr EBar?d%th ieg onr
separate domaipsHowever, there is no indication of two : en the u ratiois close to 1 a € 1ons are

types of magnetic ordering in the magnetization measuref-u"y disordered, competlltlon between the FM exchange and

ments(Fig. 1 and Ref. Brather a single transition tempera- th€ AFM interactions off;,-02p,-d, type results in a non-
ture was observed, which contradicts the above interpretezolinear orderingcompounds 1, 2, 10, and possibly 3, 4, 5,
tion. Alternatively, the two components may join together to6 in Table IV). WhenM/Cu ratio is much greater than 1, the
give a noncolinear magnetic structure as shown in Fig. 4 AFM interaction of d5,-O2p,-d%, will dominate, and a

In this case, the magnetic moments are aligned with the ineolinear Gg-type (with only k,) ordering will appear
plane Fe/Cu-O bonds, and although those across the doubkds in  YBaCy,Co, Os, YBaCuysFe sCo0O;, and
layer are nearly perpendicular to each other, the spins withily ,SrCu, (C0; ,Og 5.

each plane are still antiparallel. It is known that the in-plane If we make the additional assumption that the interaction
exchange interaction through the Fe-O-Cu, Fe-O-Fe, or Cuacross the Y layers is always AFkivhich is supported by
O-Cu, all give the AFM orderingsimilar to the situation in the magnetic structures of compounds 7, 8, 9, and W@
the Co analopgbecause theid,2_,2 orbitals are also all half can understand all the magnetic structures in Table IV

occupied. Thus &-type ordering can be expected via the based on the above superexchange AFM interactions of
d)l(z_yz-px,y-d)l(z_yz superexchange interaction. In thelirec- diz_yz-opx,y'diz_yz and diz-Opz-diz and their competition
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TABLE IV. Magnetic structures of the compounds related to present study.
Case Compounds Prop. vector Momepi] Temperature Spin directich Mode Reference
1 YSrCuFeQ ki=(3.3.3 1.52+0.% 2K ++Y——or+-Y—+ aorc 14
k2=(%,%,1 1.6y 2K +-Y+- g
2 PrBaCuFe@ kq 1.1&+0.7 2K ++Y——or+-Y—+ aorc 15
ko 1.5% 2 K +-Y+- g
3 YBaCuFeQ Ky 1.3%+0.74& RT ++Y——or+-Y—+ aorc 17
Ko ? <200 K +-Y+- g 17
4 YBaCuFeQ kq 0.65+ 1.46z RT ++Y——or+-Y—+ aorc 18
5 YBaCuCoQ Ky 1.48& RT +HY—— a 16"
6 YBaCu, 4C0; Ox ky 1.35+1.25% 1.4 K +-Y—+ c 9P
7 YBaCuy, ,Co, {O5 ks 2.3 14K +-Y+ - g 9
8 YBaCy sFe, sCoOy ko 2.64x 14K +=-Y+-— g 10
9 Y,SrCuy ¢Co; Og5 k,=(1,1,1)°¢ 2.2y 2K +-=YY+— g present
10 Y,SrCuFeQ@s k,=(1,1,1)°¢ 1.36y 2K +-=YY+— g present
1.56¢ 2K ++YY—— a

ki=(3.3.3)

a4+ and— signs here represent the sign of the moment at corresponding(iayetL;,—L;), Y represents the ytrium layers in the unit cell.
Due tozeyc~0.25, the spin directions arrangement alanaxis cannot be determined uniquely, batandc type should be considered
although not given in the literature.

‘Based on a primitive unit cell related to the body centered cebby —a/2+b/2+c/2, b,=al2—b/2+¢/2, andc,=a/2+ b/l2—c/2.

with the FM exchangel-O2p,-d. In this case, if onljk;  ture with space groupb’a’m while Y,SrCuFeQ@s has a

is observed (as in YBaCuFe®, YBaCuCoQ, and complicated noncolinear structure which can be resolved into
YBaCu gC0y 105), the interaction between the double layer two components, one @,g type and the other d,a type.

is FM, which can only occur if some degree of Cu, Fe, CoSuch ordering is directly related to their valence states and
ordering takes place, such as reported in Ref. 18. If kpig ~ composition. With all the TM elements in their HS states, it
observed, as in the case of YBaCGo, Os, can be predicted that within the QWtOg5 plane, order
YBaCuy, sFeCo0;, and Y,SrCuCoQs, the interaction should be of the AFM G type in both compounds. An off-
across the double layer is AFM, which suggests that the CaostoichiometricM/Cu ratio will result in an AFM order across
O-Co or Co-O-Fe AFM interactions exceed the FM Cu-the double layer, whereas a 1M/Cu ratio will result in a
O-Co or Cu-O-Fe interactions. If botk; and k, are ob-  FM component throughi’,-O2p,-d’-type interaction. The
served, as in YSrCuFeQ PrBaCuFe@, and Y,SrCuFeQs  opservation of small FM magnetic moments in the samples

and implying a noncolinear magnetic structure, then the Cugyas explained with the DM canting mechanism.
O-Fe FM interaction is comparable with the AFM Fe-O-Fe

superexchange. This mixed AFM and FM interactions may
require the Cu/Fe ions being completely disordered which is
indeed observed in these three samples. We are grateful to EPSRC for funding this work and pro-

In conclusion, the nuclear and magnetic structures of theiding neutron-diffraction facilities. The authors would like
titte compounds were solved from TOF NPD data.to thank Dr. R. I. Smith for his assistance in collecting the
Y,SrCy ¢Co, 4Og 5 has aGyg-type ordered magnetic struc- NPD data.
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