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Crystal and magnetic structures of complex manganese oxidgsa®BnQ,, s (6=0.01,0.52) and
Ca,GaMnQ;, 5 (6=0.05) were studied by neutron powder diffractioD) and ©SR technique in the tem-
perature range 2—300 K. The crystal structures contain single,May@rs separated by three nonmagnetic
cation-oxygen layers. The principal difference betweendhe) and §=0.5 compounds is the Mn valence:

Mn3" or Mn**, and the structure of the (GaQ;) buffer layer, which is formed by tetrahedra or partially

filled octahedra, respectively. The magnetic moments of the manganese ions are coupled antiferromagnetically
in the MnG;, plane, but antiferromagnetically&( type) or ferromagnetically € type) between the planes for

the reduced and oxidized compositions, respectively. The transition froi@-the C-type magnetic structure

by oxygen doping is explained by strong diagonal 180° superexchange antiferromagnetic interaction between
Mn**-ions in the adjacent layers through additional oxygen atoms in the GaO buffer layer. The magnetic
moments in Sr-based samples are appreciably reduced in comparison with the spin-only values of the corre-
sponding Mn ion. By using complementary information on local magnetic field distribution frf&R we

show that the reduced magnetic moments seen by ND are caused by the presence of locally flipped Mn spins
and a short-ranged (40 A) antiferromagnetic phase. The magnetic disorder can be caused by the disorder
observed in the oxygen positions of the Ga@ layer, because the coupling between the Mri&yers is
mediated by the geometry of the superexchange path through these oxygen atoms.

DOI: 10.1103/PhysRevB.66.184412 PACS nunider75.30—m, 61.12.Ld

. INTRODUCTION Ruddlesden-PoppéRP) phases R,A) . 1Mn,Os,. 1 Which
exhibit CMR at appropriate doping level. Crystal and mag-
The unusual physical properties, especially colossal magaetic structures of both three-dimensiof@D) and quasi-2D
netoresistancéCMR), of complex manganese oxides are manganites are supposed to be already well kn¢see, for
closely connected with the features of their crystal and maginstance, recent review$, despite the fact that some physi-
netic structures, which were the subject of intensive investical properties, such as the homogeneity of the ground state,
gations in the recent years. The studies are to a large exteatbital effects, and long-scale phase separation, still remain
concentrated on the three-dimensional perovskites of thander discussion. Among the layered CMR manganites the
type R;_,A,MnO; (R is La or a rare earth metal adis a  main attention was paid to the=2 RP phases, which con-
divalent cation, but recent works also deal with systems oftain double perovskite layers interleaved witAd)(OA)
reduced dimensionality, which are promising, in particular,rock-salt-type blocks. Thus, the particular magnetic structure
for the possibility of observing CMR at low fields. Among of the n=2 RP phase depends on several Mn-Mn interac-
these compounds, the most thoroughly explored ones at@ns: in plane, within the bilayer, and between nearest-
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neighboring bilayergboth ferromagnetic and antiferromag- Il. SAMPLES. EXPERIMENTAL
netic interactions are possiblésee, for instance, Ref. 3,

where data on 25 various compositions are gitée may sized by a solid state reaction in evacuated silica tube at

expect a two-step change in magngtlg properties: at hlgheJ.rOOO°C. Details of the sample preparation procedures were
temperature due to the coupling W!thln the layers, .and afjescribed in Refs. 7 and 8. The,6aMnQ; s sample was
lower te_mperature bece_luse of the interlayer tunneling. '”brepared by annealing of the &aMnQ, compound under
deed, this type of behavior was observed fo[-ﬂlﬁM”ZOg) 20 bar oxygen pressure at 415 °C for 12 h. Both samples
(Ref. 4 and for Lg 5,Cay;2Mn,0; (for 0.2<x<0.5)"  \ere checked by x-ray powder analysis, and showed a high
though later it was fourfithat the two-dimensional magnetic gegree of purity. The oxygen stoichiometry index, which was
behavior of La 4Sr; Mn,O; had an extrinsic nature and was determined from chemical analysi®dometric titration, is
attributed to intergrowths. 5=0.01(2) and5=0.52(2) for the Sr-based reduced and
Recently, new complex manganese layered oxidesxidized samples, respectively, ade=0.05(2) for the Ca-
CaGaMnQ, and SgGaMnQ with brownmillerite-type based sample. Hereafter we will use the nominal composi-
structure were synthesizéd® These compounds contain tions SpGaMnQ,, CaGaMnQ, and SyGaMnQ; s for the
single MnQ layers separated by three cation-oxygen layersamples, keeping in mind that the real stoichiometry is
(AO)(Ga0)@O) instead of two, as for interbilayer separa- slightly different, as shown above. All the samples are insu-
tion of then=2 RP system. Both Ca- and Sr-based brown-lators according to the electrical resistivity measurements.
millerites have an orthorhombically distorted structure withNeutron powder diffraction experiments were carried out
ap\/§ dimensions in plane andag in the perpendicular di- at the SINQ spallation source of Paul Scherrer Instl'Fute
rection, wherea,=3.8 A is a lattice parameter for cubic per- (PS). The crystal structures of the samples were determined
ovskite structure. The shortest Mn-Mn in-plane distance ifrom the data taken with the nhigh-resolution HRPT

. diffractometet® with the neutron wavelengthh =1.49 A.
normal for manganites=3.8 A), but as a result of the ad- The data on the magnetic ordering were obtained by means

ditional GaO layer, the out-of-plane separation of neighbor- f the DMC powder diffractometét situated at a supermir-

ing manganese atoms is about 8 A. A specific feature Ofor coated guide for cold neutrons at SINQ=2.56 A).

these OXidE?S s the do_pin_g possibility through _the incompletel.he refinements of the crystal and magnetic structure param-
oxygen anion sublatticéin both 3D manganites and the eters were carried out WitRULLPROF (Ref. 15 program,

Ruddlesden-Papper layered phases, the oxygen Sumatticevlﬁth the use of its internal tables for neutron scattering
completely filled. The oxygen content can be adjusted in theIengths and magnetic form factors

(rjar:ge fr;)rp %Ott; 25;3 co:jris;ondmg tt(') aIM%l:or_mtal oxI- To access the information on local magnetic ordering ef-
ation state betwe an » respectively. The INterme- o s e involved theuSR (the muon spin relaxatidf)

glat(; valgl?[cetr?f Mr:_ ca;.n Iea;jt;]o % pabrltlally f'rllIEd electrokr: measurements. This technique allows the observation of the
and ang to Ine activation ot the double exchange Mmecng.,q o o|ution of the spin polarization of muons implanted in

gf/ﬂ; V;h'cth( 'IThp“eShtqe. ferr(t)mlagneu?hmetalllc state V\;ﬁha sample. The magnetic fields at the muon reflect the local
eiect (altnough 1t 1S not aways the case, €.9. in emagnetic environment of the muon site. On the other hand,

single-layer RP systeff) There are several open questions h . . : :
. xperimen R-signal is an aver f th in polar-
about the crystal structure of these layered manganltetge experimental: SR-signal is an average of the spin pola

The SpGaMnQ, and CaGaMnQ;, samples were synthe-

. . : ation of the muons distributed isotropically over the entire
mainly connectgd with f[rue space symmetry and ordering o ample volume. Thus the technique is a bulk method for
OXygen vacancies. For instance, x-ray data for the reduce_:d easuring local magnetic fields, complementary to the neu-
compound taken in Refs. 8 and 9 gave ordered and dISOIEP

dered arrangements of oxygen atomg@a0 layers(corre- on diffraction. The uSR measurements with the same
. Y Y9 Y . samples have been carried out using the DOLLY spectrom-
sponding tolma2 andImcm space groups, respectively

Similar brownmillerite system SrCaMnGa0, was also eter on theuE4 beam line at PSI. The powder samples were

studied in Ref. 11 using a variety of techniques. In thepacked in aluminum containers, mounted on the cold finger
' 9 Y ques. ~of the helium cryostat. The muon beam was collimated to a

of the Mn ions in these brownmillerites and its relation to thgv%;”rsow spot, sufficient to avoid muon stops in the container

crystal structure parameters.

We present a detailed neutron diffraction agn8R study
of the crystal and antiferromagnetic structures and local mag- . RESULTS
netic disorder effects and the theory of the magnetic ordering
type in the end members of the series w0 and 0.5.
Preliminary data on the crystal and magnetic structures were Typical neutron diffraction patterns and the Rietveld re-
published in Ref. 12. The single phase compositions with théinements for the reduced and oxidized Sr-based composi-
intermediate Mn valence 0 5<0.5) which we were able to tions are shown in Fig. 1. One can see a pronounced differ-
synthesize, reveal no ferromagnetic metallic state, but theience between the patterns, caused by the change of the space
magnetic structures are a superposition of the antiferromagymmetry upon oxygen doping. The reduced phase possesses
netic structures observed in the end members of this familyorownmillerite structure, which can be represented by a
A detailed report on our studies of the intermediate compostacking sequence of layer$S¥O)—(MnO,)—(SrO)—
sitions will be published separately. (GaO-. However, different polytypes of the brownmillerite

A. Crystal structure
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TABLE I. The structural parameters and Mn-O interatomic dis-
tances in SIMnGaQ; [sp.gr. Ima2, no. 46 in comparison with
sp.gr.lmcm, no. 74 and SgMnGaQ; 5 (sp.gr.P4/mmm no. 123
at room temperature. The data are refined from the diffraction pat-
terns measured at HRPT/SIN®=1.494 A.

SrL,GaMnG Sr,GaMnQ, SrLGaMnG; 5
5000 — Ima2 Imcm PA/mmm
a, A 16.19713) 16.19663) 3.80071)
o 1t mwmrimimm IIIIIIIIIIIIIIIIIIIIIIIII-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIlI:_ b, A 5.52571) 5.52571)
| (MU TCEC TN 0D OO0 0 0CH O O YOO O 0D OO DA 1 (D 10 000 31 8 c, A 538631) 538641) 796022)
50004 ‘VI | 'H| ‘“ “I . N‘ M X,y,z (Mn) 0 0 0
0 20 40 60 80 100 120 140 Biso(Mn), A? 0.998) 0.829) 1.1(1)
20
40000 +—— . ‘ L L L X (Sp) 0.11111) 0.111721) 0.5
_ | y (Sn 0.01184) 0.01164) 0.5
oo 055 T10K z (SN 0.498633) 0.5 0.23474)
o i Biso(ST), A2 0.41(3) 0.593) 0.866)
20000 x (Ga) 0.25 0.25 0.0566)
y (Ga 0.93316) 0.0675%5) 0
10000 | z (Ga 0.036334) 0.04236) 0.5
| ﬂ Bi(Ga), A 1.228) 0.547) 2.63)
0+ | (e me 0 P e e e e nen renenn wnnawereew o wer - X (Ol) 099592) 0004((2) 05
] o IIIIIIIHIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII\IIIIIIIIIIIIII\» y (Ol) 0254514) 025 O
10006 | | z (01 0.250436) 0.25 0
| — Biso(01), A 0.464) 0.594) 0.675)
0 20 40 60 80 100 120 140
26 x (02 0.14492) 0.14582) 0
FIG. 1. A le of the Rietveld refi t patt d dif y(©2 0.04194) ~0.0428(4) 0
. 1. An example of the Rietveld refinement pattern and dif-
ference plot of the neutron diffraction dat@RPT/SINQ for 28(022 A2 0003132)6) 09(;(4) 0.123‘?(;9(;1)
SrL,MnGaQ; (top) and SgMnGaQ, 5 (bottom). The top row of the s 02), : : :
hkl-tics shows the nuclear phase calculatgq diffraction peaks posi (03) 0.25 0.25 05
tions. Next_ row shows the calculated posmo_ns of the peaks of th§, (03) 0.625499) 0.376G7) 0.0902)
AF sublattices of theG- and C-type magnetic structures for the 7 (03) 0.115533) 0.88699) 05
compositions with oxygen contents of 5 and 5.5, respectively. B.(03), A2 '147(11) 687(9) 5 6(2)
iso ’ . . .
structure are known, and there is a discrepancy in space syrﬂ—(03) 1 1 1512
metry (_)f SpGaMnQy r_eported by diﬁerent_scientific groups. mMn-01 1.94915) 1.93021) 1.90030)
Thls.d|screpancy mainly concerns _thg signs pf cooperativgyn_o1 1.91115) - -
rotation of GaQ tetrahedra forming infinite chains. Two op- yp_o2 2.3583) 2 368 1.95(3)
posite directions of atomic displacements in GaO layers, re
sulting in two mirror-related orientations of the tetrahedralRaragg 7.8 6.8 6.0
chains can be marked as l¢ft) and right R). The crystal Rup 6.4 6.0 7.4
structure of SyGaMnQ, has been refined in a model with Reypt 1.9 1.9 1.8

acentric space groupma2 which corresponds to the pres-
ence of a chain of one type on(githerRor L), as proposed

from x-ray diffraction dat& The refined structural param- thermal parameters of the Ga atoms. Following Ref. 17 we
eters atT=300 K are given in Table I. The authors of Ref. have also estimated the occupancy of Ga sites substituted by
17 found that centrosymmetriancm space group with a Mn ions, and vice versa. This disorder is small: the refined
complete disorder of andR chains fits better to their pow- amount of substituted atoms is only 2%. This disorder is

der neutron diffraction data. THencm model implies that

twice as small as that found by the authors of Ref. 17, prob-

andR chains alternate in the structure with equal probability,ably reflecting a difference in the sample synthesis tempera-
giving a disorder in(GaO positions in the Ga buffer layer. ture. Our sample was prepared at 1000 °C whereas the au-
The refinement in a model withmcm space symmetry and thors of Ref. 17 used a much higher temperature of 1350 °C

with the disorder in z-positions of Ga and @&e Table)
gives slightly betteR factors. An important improvement in

that is favorable for a formation of disordered structure.
Due to the Jahn-Teller effect, for the ¥h ion, MnO;

the Imcm model with the(GaO disorder is more realistic octahedra are strongly elongated with four short equatorial
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(2x1.911 A and X%1.949A) and two long apical
ALNGS

(2.358 A) distances. The long axes of the octahedra are al / y
AQ N7 {

most aligned along the direction (perpendicular to the &

MnO, planes, i.e., the orbital ordering type, is different V/\’/\AV
LG

L

from the antiferrodistorsive orbital ordering within the MnO
planes observed in LaMnO The crystal structure of Ca- 1
based oxygen reduced composition,GaMnQ, is also
orthorhombic, with orderings df andR chains described by
the Pnmaspace group. The details of the crystal structure
refinement are given in Refs. 7 and 8.

The diffraction pattern of the oxidized composition
Sr,GaMnQ; 5 (Fig. 1) was indexed with tetragonal unit cells
of a=b=bgy/\/2 andc=ag/2 (whereby, andag denote the

N )

LT
lattice cqnstants of $6aMnQ, in the orthorhombic unit '~ '
cell). Satisfactory agreement between the observed and th /A\ \\ /A\

XS

calculated profiles was obtained with a model which in- AV
cludes: Mn (0,0,0) and O1 (0.5,0,0) forming the MnO /\'/
layer, O2 (0,(;) and Sr (0.5,0.%7,) with z;=2z,=0.25 ‘v

forming the buffer SrO layer, and Ga,0,0.5) and O3

(0.5y,0.5) forming a GaQs layer. All Ga cations in the FIG. 2. The crystal and magnetic structuregleft) S,MnGaQ;
Sr,GaMnQ, 5 are formally in the octahedral coordination. (sp.grima2) and(right) S,L,MnGaQ; s (sp.grP4/mmmj. Note the
However, the oxygen positions in the Gaglayer, forming  principal difference between two crystallographic structures is the
an equatorial plane of GaQ, octahedra, are only partially structure of(GaO buffer layer. It is formed by Gaptetrahedra in
filled with an occupancyg=0.7§2), which is close to 3/4, SrGaMnQ; and partially filled Ga@ octahedra in SGaMnQ; 5.
according to the oxygen indexs@ determined by chemical Sr atoms are not shown. The antiferromagnetic structures of Mn
analysis. Incomplete oxygen environment causes static disof?@dnetic moments can be denotedzype for SpGaMnQ andC
dered displacements of Ga and O atoms in the (GRO gpfe for SpGaMnQ; 5 according to the classification proposed in
plane which are reflected in large values of thermal param- ef. 18.
eters. If one assumes no disorder at the Ga and O3 sites, i.e.,

x andz coordinates fixed to zero, then the values of thermalThis is convenient for a comparative analysis of the magnetic
displacement parameteB are unphysically high, bein@ structures. The corresponding magnetic structures are shown
=3.3 and 5.5 & for Ga and 03, respectively. The disorder in Fig. 2. The magnetic moments of the Mn ions are coupled
of the type &,0,0.5) for Ga cations and (0y50.5) for O3  antiferromagnetically in the MnOplane for both composi-
anions improves the thermal parameters significantly. Theéions, but antiferromagnetically or ferromagnetically be-
refined structure parameters are given in Table I. The refineween the p|anes for the reduced and oxidized Compositions,
ment giVGS of course only an average structure whereas |OC%Specti\/e|y_ These magnetic structures are denot&laaxl

or irregular ordering of oxygen atoms and vacancies may: types, respectively using the notations of the magnetic
occur, which could be related to an ordered appearance of Garyctures accepted for the 3D perovskite manganese

atoms in a complete octahedral or tetrahedral coordinationyyiqes8 The rules for the allowed magnetic Bragg peaks are
The refined oxygen composition is very close to the nomina|1=2n+ 1, (k+1)=2m+1 for the G type structure, andh

Os 5 value, implying the MA* state. The Mn-O distances are =2n, (k+1)=2m-+1 for theC type structure it andm are

practlcally+equallzed, unlike n thg reduced composition, be'integers. That is, for the reduced composition one can see in
cause MA" is a Jahn-Teller inactive ion. The crystal struc-

tures of both compositions are shown in Fig. 2. One can seFig' 3 the presence ¢fl10/(101) and (301)/(310 magnetic
that the principal difference between the two structures is th ragg peaks expected forGitype structure and the absence
coordination of Ga ions, which is tetrahedral in the reduceoOf (010/(003) and (,210)/(,201) peaks that would correspond
composition and octahedral in the oxidized one. to the C-type configuration. Note that for thena2 space
symmetry the reflectionshk0), h+k=2n are allowed, so
there is a nuclear contribution in th&10 and (310 Bragg
peaks. For the oxidized composition, there are only peaks
All three samples SGaMnQ;, CaGaMnQ;,, and corresponding to th€-type structure, buG-type peaks are
SrLGaMnQ; 5 are antiferromagnetéAF’s) at low tempera- extinct. Since the shift in the lattice parametémsduced to
ture. Figure 3 shows low scattering angle section of the neuthe same orthorhombic elementary tdiletween the two
tron diffraction patterns and the refinement curves at the temeompositions is not large, one can directly compare the pat-
peratureT=1.5 K for the Sr-based samples. The magneticterns, as shown by vertical dotted lines in Fig. 3. Analysis of
structure of the Ca-based composition is equivalent to that ahe magnetic Bragg peak intensity ratii® means of the
the Sr-based reduced composition. In Fig. 3 and further orRRietveld refinementyields the direction of magnetic mo-
we use the indexing of the magnetic peaks in thea2 ment parallel to the& axis. Direct evidence for this is the zero
orthorhombic settinglong axis—x) for both compositions. intensity of the(100) peak for theG-type structurgFig. 3.

B. Magnetic ordering

184412-4



ATOMIC AND MAGNETIC STRUCTURES, DISORDER.. .. PHYSICAL REVIEW B6, 184412 (2002

3000 =
Sr2GaMnOs5 g, A=2.56A | 3
SroGaMnOs5 = = =
80000 N = <
e 2800 1 A=2.56A 2 T <
=2 N & o
Al —_— = &
— g 2600 g
& 8 cee
40000 & &
= 2400 -
]\ 2200 -
0 I I 1
! I N 1 o W -
2000 +———— 11—
. 20 25 30 35 40
40000 26
Sr2GaMnOs 5, 4=2.56A
| — FIG. 4. Sections of the diffraction patterns from,GaMnQ; 5
g 3 & near 2=30° for two temperatures: well above the magnetic tran-
30 251 5 sitions at 220 K(shown by thin linesand at 100 K(experimental
20000 S o points are shown by filled circles and the fit curve is shown by thick
T line). One can see the broad pe@ki0/(101) corresponding to a
G-type structure situated between two sharp Bragg p¢ak§)/
i { (00D and(210/(201) of the C-type structure.
0 - | [ . .
! ' o correlation to L=40 A according to the formulaL
=N\/[A(26)cosd], where A(26) is the full width at half
——ee e . .
maximum of the peak. Figure 5 shows temperature depen-
' T ' ' dencies of the integrated intensities of several magnetic dif-
10 20 2 30 40 fraction peaks for both compositions. Thédlieemperatures
FIG. 3. Neutron diffraction patterns, Rietveld refinement, and 8000
difference plots for the $6aMnQ;, and SyGaMnQ, 5 samples at { (110 Sr,GaMnOg ,
the temperatureT=1.6 K measured at DMC/SINQ withx > ’
=2.56 A. One can se@10)/(101) and(302)/(310 magnetic Bragg 2 Rty
peaks expected for aG-type antiferromagnetic structure of 2
Sr,GaMnQ, and(010)/(001) and(210/(201) magnetic Bragg peaks é 4000
for the C-type structure, shown in Fig. 2. The peak indexing is ®
given for the orthorhombic settin@he long axis perpendicular to g
the MnQ, planes is the axis). = 200
MagneticR-factorsRy, (integrated intensitiggor the refine- 0 4+————1—
ments, shown in Fig. 3 amount to 5.8% and 25% for (010)/(001) 0 GG
Sr,GaMnQ, and SsGaMnQ; 5, respectively. An increased . 000 r22alints 5
value of Ry in the oxidized composition is connected with G ] X (110)/(101
the presence of diffuse-like scattering centered arouad 2 g * A
o : . £ 2000 1 %
=30°. The choice of the appropriate shape of the back- B
ground, fitted to this diffuse scattering, reduddg to 12%. © }\
The refined size of the low temperature magnetic moment is é’ 1000 - \*
not affected by the selected background shape. Figure 4 = \\
shows fragments of the diffraction patterns ofGaMnQ; 5 R "
near 20=30° for two temperatures: well above the magnetic 0= T4 ———
transition at 220 K and in the vicinity of the transition at 100 0 50 100 ©) 150 200

K. One can see the broad peak situated between the two

Sharp_ Bragg peak@lO) and(210). The position of th_e broad FIG. 5. Temperature dependencies of the integrated intensities
peak ,'S excellently m_dexed e t_mélo)/(lpl) magnetlc peak, of the characteristic magnetic diffraction peaks in theMB1GaQ,
implying that th.ere is a certain COI’It.I’IbutIOI”I of the_short- (top) and SsMnGaQ; < (bottom). The peakg110), (101) and(301)
ranged magnetic structure @ type in the predominant represent the-type magnetic structure in the $inGaQ, sample.
C-type magnetic structure of ZBaMnQ;s composition. |y the SpMnGaQ, 5 sample, theC-type magnetic structure is rep-
This diffuse peak110/(101) corresponds t61/2 1/2 1/2 for  resented by two peaké10/(001) and (210/(201), while short
P4/mmm and is definitely absent for the nuclear structure.ranged magnetic correlations Gftype are shown by the integrated
Assuming that the width of this broad peak is given onlyintensity of the diffus€110/(101)peak. The peak indexing is given
by a size effect, one estimates the range of @Gwype in the orthorhombic setting.
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are Ty=180 and 110 K for the reducedsftype) and oxi-
dized (C-type) Sr-based compositions, respectively. The . Ca.GaMno
Mn-Mn distance between the Mp(planes is about 8 A, Py 92780
which is more than twice longer than the in-plane Mn-Mn
distances. Due to the layered structure one could expect a
two step change in the magnetic properties: at higher tem-
perature due to the coupling within the layers, and at lower :
temperature because of interlayer tunneling interaction. 5 0_‘?}}\
However, the magnetic diffraction peaks with nonzero indi- o \i\{?
cesh [e.g.,(101), (210] and the same temperature depen- 1
dencies of th€010/(001) and (210/(201) peaks justify the ] Sr.GaMnO N
purely 3D character of the magnetic ordering. A specific fea- 1042 L 1
ture of the oxidized composition g8aMnQ; 5 is the pres- ] \;\
ence of the short-ranged correlations Gftype inside the
dominantC-type magnetic structure. The temperature depen-
dence of the integrated intensity of ti&type peak(110/
(101 is shown in Fig. 5. The diffuse peak starts to develop T(K)
below the Nel temperature of theG-type structure
(=180 K). Then, below the transition to the long-range an- FIG. 6. The ordered magnetic moments of Mn ipNnGaQ
tiferromagnetic state o€ type, the diffuseG-type peak is (squares CaMnGaQ; (circles, and SgMnGaQ; s (diamondg as a
suppressed, but remains visible down to the lowest temperdunction of temperature. The lines are the fits to the function de-
tures. This suggests that ti@type magnetic ordering sup- scribed in the text.
presses thé&-type antiferromagnetic fluctuations developed
at higher temperatures. points belowT, rather than ones in a restricted temperature
The Bragg peak210)/(201), corresponding t91/2 1/2 )  range neaiTy. The B8 values give an idea of quantitative
for the P4/mmm should not be present for the nuclear struc-difference ofM(T) behavior between the samples in the vi-
ture. This peak would be also extinct for the orthorhombiccinity of Ty . B for the Ca-based sample has typical a value
Ima2 symmetry; however it is experimentally observedfor a 3D Heisenberg antiferromagne8< 0.36), while for
above the Nel temperature with constant intensifyig. 5,  the Sr-based one the exponghis much larger. The possible
implying that there are small deviations from the basic crysteason for this unconventional temperature behavior of
tal structure given byP4/mmm The analysis of this pecu- M(T) as well as the small saturated magnetic monhé(d)
liarity is beyond the scope of the present paper. Presence @t Sr,GaMnQ, could be a disorder in the spin configuration,
this nuclear peak reduces the accuracy of the Rietveld refineghich is much higher in Sr-based sample as shown in the
value of the ordered magnetic moment in the vicinity of thenext section.
Neel temperature. In the oxidized SyGaMnQ, 5 composition, the low tem-
The temperature dependencies of the refined Mn magnetiserature magnetic moment of the #nion is 2.1(1)ug,
moment value for the reduced and oxidized Sr-containingeing significantly less than the expected spin-only value of
compounds are given in Fig. 6. The magnetic moment is als@u. This reduction of theC-type magnetic moment can be
presented for the G&aMnQ, sample, which possesses the caused the presence of the short-ranGeiype fluctuations,
same magnetic structure as the Sr-based reduced phase. Misich effectively reduce the number of tiiztype ordered
lines in Fig. 6 are fits to the phenomenological formulaMn spins. The temperature dependence of the magnetic mo-
M(T)=M(0)[1—(T/Ty)“]?, which fits well to experimen- ment M (T) is very different from the one observed in the
tal M(T) at all temperatures. This formula gives the correctreduced compositions. Thé parameter is close to 1. The
expression foM(T) in two limiting cases in the vicinity of observableM (T) can be distorted by the temperature depen-
Tn [M(T)~((T—Ty)/Ty)?] and neaT=0. The Nel tem-  dence of the long range ordered volume fractidi), be-
peratures determined from the fit to the above formula areause the momer¥l, obtained from the diffraction intensi-
183 and 160 K for the Sr- and Ca-based oxygen reducedles, is reduced by the factor of2.
compositions, respectively. Lower value ®f; in the Ca-
based sample can be caused by a slightly different crystal
structure or different oxygen contef$.05 in a Ca-based
structure vs 5.01 in a Sr-based strucjuihe low tempera-
ture saturated magnetic moments #€0)=3.61(5)ug for In this section we present the results on the local magnetic
CaGaMnQ, and 3.16(6ug for Sr,GaMnQ,. The critical  field distribution studied in theeSR experiments performed
exponent3, representing the steepness of MET) curve in  with the same samples. We concentrate on the comparative
the vicinity of the Nel transition, amounted to 0.8 and  analysis of theuSR and ND data with respect to the problem
0.6Q3) for the Ca- and Sr-based oxygen reduced composief the homogeneity of the local magnetic configuration. The
tions. The experimental values Bfshould be considered as spontaneous muon spin precession in a zero external mag-
very rough estimations, because in the fits to the phenomenaetic field (ZF) was detected in all samples below the mag-
logical formula shown above we used all the experimentahetic ordering temperatures, confirming the long range or-

4.0

3.0
1 Sr,GaMnOg

Magnetic moment (pg)

00 +————7T—————T6——1———=5 ¥

C. USR results and discussion of the local magnetic
disorder effects
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dered state observed by neutron diffraction. The sample T 7
volume occupied by the magnetically ordered state is better 1 R 4K
determined in the transverse external fi€ldr) experiment ' ) Ca2GaMnOs5

in the weak magnetic field of 100 Oenuch less than the | i b
internal magnetic field of several kGaus¥he asymmetry

(or amplitude atr of the muon spin precession, with the
frequency corresponding to the external magnetic field, is a
direct measure of the paramagnetic volume fraction. Above
the Neel temperature the whole sample volume is in the =
paramagnetic state and the precession asymmetry is given by
the total experimental asymmetgy=0.2612). The re-

sidual muon spin precession asymmetry at low temperature
are=0.009(2) (3% of the total asymmetiycorresponds

well to the estimated fraction of the muon stops in the
sample holder, implying that the whole sample volume is
magnetically ordered in all the samples.

The examples of the ZF muon spin polarization function
P(t) measured in the zero external field are shown in Fig. 7.
The polarization functionP(t) has two component®(t)
=a,G(f,0q,t) +a,G,(f,,0,,t). The first component with
the precession frequencf;(0)=23 MHz in CgGaMnQ,
(corresponding td@,=1.7 kG) has a relatively small damp-
ing o1, and corresponds to approximately 50% of the total ] + ‘ ; y
asymmetry. The second component has 4 times higher ] AR # ' + + + +
precession frequendy(0)=88 MHz, and complements the £-0.1 1 Y | + H
precession asymmetry to approximately the total value. Due e ] #
to both the higher frequency and the damping of the second ] + + + + H
component, its parameters are determined with less accuracy 1 + #
than the parameters of the first component, which are reli- '0-2'_ + # + + +++ H# + 4 #H

ably determined in the whole temperature interval. The two ]
components correspond to two magnetically inequivalent 1 + 90K (b)
muon sites in the crystal lattice. The same muon spin preces- 03 ]

sion frequencies have been observed yGaMNnQ; sample, o ' 0'04 ' oloa ' 0 o 0 '16 0.2
possessing the san@&type antiferromagnetic structure. Be- ' T tus) ' '

low we discuss the first component Bft).

Calculation of the dipole magnetic field from the Mn  FIG. 7. (a) Time dependence of the muon spin polarizati)
spins allows us to get an idea about the muon site in thé zero external field in the oxygen reduced compositions
crystal structurécontribution of the contact hyperfine field is Ca&GaMnQ; and SgGaMnQy (P(t) is shifted by —0.12) atT
assumed to be small, although it cannot be calculated theg=4 K. (b) P(t) in the oxidized sample $MnGaQ, s at T=4 and
retically). We assume that the muon is coupled with the oxy-90 K. P(t) for T=90 K is shifted by—0.15.
gen ion, forming a typicak-O bond of 1 A. There are three
oxygen ions in the given crystal structure: O1 in the MnO there is noticeable contribution of the hyperfine contact
plane, apical O2 oxygen just above the Mn@ane and O3 field). One can also place the muon near the oxygen ion O1
in the (GaO buffer layer(see Table)lL The required dipole [at (0.004,0.344,0.091 The dipole field is canceled be-
field Bgip=1.7 kG observed for th&-type magnetic struc- tween the Mn ions in the MnOplane, and the field has very
ture can be found near apical oxygen O2 and in the MnOlarge values close to Mn ions. The field gradient is much
plane near oxygen O1. Around O2 there are plenty of sitetarger(about 10 kG/A), so there is less choice for the muon
where the dipole field would match the experimentally measites matching the experimental field near O1. The muon
sured magnetic fieldthe dipole field gradient is small sites around O3 are less probable because of significantly
~1 kG/A). One can choose the muon site which is mostsmaller dipole fields.
symmetric with respect to surrounding ions. Reasonable can- In the oxidized composition §6aMnQ; 5, the muon spin
didate could be near the plane going through the O2-O2 lin@recession frequency is approximately two times higher than
perpendicular to the MnOplane[e.g., at(0.187,0.135,0.097 that in the oxygen reduced compositif¥ig. 8), reflecting a
in S,GaMnQ;, taking 3.6ug per Mn ion. The unit cell of  completely different local Mn-spin configuration around the
CaGaMnQ, is a bit smaller §=15.30, b=5.47, ¢ muon site. The crystal structure of ,.&aMnQ, 5 has a dif-
=5.27 A), so the muon site in G&aMnQ, where the dipole ferent structure of the GaO layer, which can potentially give
field is the same should be slightly shifted to keep similardifferent muon sites in $6aMnQ; 5. Since the field gradi-
distances to the Mn ion@therwise assuming the same site ent near O1 is very large one can easily find the muon site
the dipole field would be larger by-15%, implying that very close to the site in §6aMnQ; with a two times larger
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_J‘I P (Sr.Ca),GaMnO;  (a)} the Iimit.ing cases fotr/ w—_>0 an(_j{u/ o—0, .respectively. Ap
a5 N I alternative analytical semi-empirical function of the polariza-
lig x :‘5\ - tion in the case of the Lorentzian distribution of the internal
o R el fields® reads: G(t) =%+ 2e “[coswt—(o/w)sinwt]. The
z | N I g actual internal magnetic field distribution in our samples is
=10 SrzGaMnos_;A\ -26& more complicated than the simple Gaussian or Lorentzian
] L one. The experimentaf? is better for the LorentziaG(t) in

\FN I CaGaMnQ;, but in S,GaMnQ;, 5, where the relaxation is
. L . | larger, they? is slightly better for GaussiaG(t). The relax-
g ' 7 ' ' 9 ation rateso and the precession frequenciegractically do
| not depend on the choice of the relaxation funct®(t).
/ The asymmetriea are appreciably larger in the case of the

_ 507 sr,GaMnO55 | LorentzianG(t), implying that the values of the asymmetry
] A 4[ are model dependent and cannot represent an absolute mea-
© 407 %@4 Sr,GaMnOg sure of the volume fraction occupied by the ordered state.
¥ e o v However, we believe that the relative values of the asymme-
201 Ca.GaMnO. \;@.ﬂ ¢ tries obtained with the same polarization functions can be
R P : compared between the different samples. Below we present
p p p
0-—— : —— —— — the experimental parameters obtained from the fits to the
] © Gaussian polarization function.

(Sr,Ca),GaMnOs Figure 8 shows the precession frequendiethe relax-

Z 0154 ° ation rateso, and the _precession asymmetreesf the first
2 ¢ . component as a function of temperature for all samples. The
% 0.1 - low temperature values of the frequencies in both Sr- and
< ] ¢ Ca-based oxygen reduced samples perfectly match each
0.05 - | other, indicating that the locally averaged magnetic moments
™ l L l of t'he Mn-atoms are the same. On the other hand,' the mag-
0 : N —% N netic moment M, refined from the ND data in the
0 50 ;?I(()) 150 200 SrL,GaMnQ, sample, is about 10% less than in the Ca one.

One explanation could be that a part of the sample vol\ime

FIG. 8. (a) The spontaneous muon spin precession frequency iff =20%, because the diffraction intensity is proportional to
SL,MnGaQ, (circles and CaMnGaQ;, (diamond$ and theVVM?) does not have the long range magnetic ordering. In
SLMnGaQ; 5 (triangles as a function of temperature measured in this case the precession asymmetries would diffe={2p%.
zero external field. The lines show the temperature dependencies &Xperimentally, the precession asymmetreest low tem-
the ordered moments seen by neutron diffractiom Fig. 6 perature are equal within the experimental error bars in both
scaled in order to match thg0) value(for the reduced composi- 0xygen reduced samples. The increase in the asymmetries
tions, the solid line corresponds to the case of@&MnQ). (b)  with temperature is apparently connected with a systematic
Temperature dependencies of the corresponding muon spin relagrror caused by the Gaussian approximation of the internal
ation rateso- and (c) the precession asymmetrias The lines are  field distribution. A second possibility is that there are viola-
guides for the eye irfb) and (c). The arrows mark the N tem-  tions of the long range ordering, which effectively reduce the
peratures. average value of the magnetic momémtseen by ND, but
) ) o . only slightly change the average local magnetic field acting
field. Assuming similar to $GaMnQ; muon site near O2 o the muon. This type of disorder can be realized as local
(like in Sp,GaMnQ;) one estimates that the magnetic mo- gpin-flips. In theG-type magnetic structure, two Mn mo-
ment of the Mfi*-ion in the C-type structure should be ments can be locally coupled ferromagnetically alongsthe
around g, which also does not contradict the experimen-axis (as in theC-type structurg The superexchange interac-
tal data. tion between Mn@ planes is mediated by the geometry of

The experimental polarizatior@3(t) can be approximated the GaO layer, as shown in Sec. IV. Thus the disorder of the
by the analytical functioff corresponding to the Gaussian oxygen distribution in théGaO) layer could be the possible
smeared internal magnetic field in a polycrystalline samplejeason for the local spin-flips. As a result, the observed mag-
G(t)=3+ %e*("t)z’z[COSwt—(ozt/w)sin wt], where the muon netic moment will be reduced by a value proportional to the
spin precession frequendy= w/2m=vy,/27B,, is given by  fraction of these casual incoherenC-type” fluctuations
the modulus of local magnetic field acting on the muon av{more strictly, the moment will be reduced Bv1/M = 2c,
eraged over the sample volume,(is the muon spin gyro- wherec is the fraction of the flipped spinsFor the local
magnetic ratioy, /2w =13.55 MHz/kG). The muon spin re- magnetic field distribution these fluctuations give an increase
laxation rateo is given by the Gaussian variance of the in the field inhomogeneity, leaving the average local field
internal magnetic fieldr=1y,(AB%Y2 The above men- intact for small concentration of the flips. This “configura-
tioned formula is valid for any ratie/w and has the Gauss- tional” disorder should be distinguished from the disorder
ian damped cosine function and the Kubo-Toyabe function aghen each Mn spin has a small disordered spin-glass-like
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componente.g., a casual canting of the spin, or a fluctuation
of the magnitude of the magnetic moment due to certain
Mn** concentratioh In this case the muon spin precession
frequency would be given by the mean value of the magnetic 1
momentM similar to ND, whereas the muon spin relaxation
would be proportional to the magnitude of the disordered
component. In the case of the “configurational” disorder the
average dipole field is proportional to the local magnetic
momentM,. The dipole field is determined by the nearest
neighbors of the muofiLl—2 coordination sphergsvhile the
more distant spins give a very small contribution to the net
dipole field because of their antiferromagnetic structure. —
Thus the average dipole field is very slightly affected by

spin-flips with a small concentratiary (whenc; *® i

Spectral distribution
|

is much
larger than the radius of convergence of the dipole )sum . I . T
Since the dipole field strength is proportional to®I(r is the 1200 1300 1400
distance to the flipped spithe shape of the field distribution Bz(G)

from the flipped spin should be Lorentzian-like for snzll
and the. field Va”anc.er (herea.lﬂer we Omlb_’“) has to be ponentB, in the AF structure of SMnGaQ; at the muon site near
proplort.lonal to the flipped Spin con.cerlwtra'.uonx ¢tMo. In the apical oxygen O2 calculated with the Monte Carlo method for
the limit of largec; the local field distribution has a more e spin-flip concentration=0.4%. The line shows the fit to the
Gaussian-like shape because of the cancellation of the dipol&yrentzian function. See the text for details.

fields from the distant spin-flips, however, the specific type

of distribution can be quite complicated and is site depen- The lines in Fig. 8) show the temperature dependencies
dent. It is obvious that the field varianedgc;) should be a of the ordered momen{$érom Fig. 6a)], scaled to match the
linear function ofc;, with a linear coefficient which does not low temperature value of the muon precession frequency
depend on the muon site in the limit of small flip concentra-f(T=0). For the CaGaMnQ; sample, which has a little
tion ¢ . This helpful feature of the local field distribution can disorder, the temperature dependencies of the average mag-
be used to obtain a quantitative estimation of the To  hetic momentM(T) (solid line) and the local magnetic mo-
obtain specific values of the field variance for the given crysment given by the muon spin precession frequef(@) are

tal lattice and the spin-flip concentrations we have dondn Satisfactory agreement. However, the increase iat T
Monte Carlo calculations of the local field distribution in the <100 K with the temperature lowering is not typical for an

muon sites in SGaMnQ; mentioned above. The dipole field antiferromagnet, and could originate from the development

was calculated from the Mn spins in the volume of sphereOf the disorder in the Mn-spin system similar to the one

with radius of 120 A. The distribution of the dipole field JiScussed above. In the &aMnQ; sample, the disorder in
. . ) : Mn spins given by is larger and, as we have shown above,
componentB;(i=x,y,z) is excellently fitted by Lorentzian

function — 11 (B. — B2+ 21 f Il fli trati reduces the average magnetic moment observed by ND. In
unction ~ 1/ (B; —Bo;)“+ o] for a small flip concentration addition, the reduced temperature dependencid¢f and

c<1%, wherec is given relative to the Mn-spin concentra- \; 1) are significantly different above 100 K. This differ-
tion (Fig. 9). The Lorentzian shape of distribution gives @ gnce can be connected with the decrease in the fraction of the
better fit in comparison with the Gaussian one upcto « c_type” fluctuations with the temperature increasing above
=5%, depending on the field component and muon site. Thggg K.
linear dependence(c)=«a(c/100)M, is well obeyed for In the oxidized composition $6aMnQ; ¢, the muon spin
concentrations belonc=5%, with a mean value ofx  precession frequenc(T) and the magnetic momeM (T)
=7 Glug. The average dipole fiel8, is practically con- seen in the ND experiment have completely different tem-
stant for these concentrations. perature dependencies above 70 K. The muon spin relaxation
The experimental muon spin polarizatioR(t) in  rate ¢ drastically increases above 70 [Fig. 8b)], and
CaGaMnQ;, where the relaxationr is small, has the expo- above 90 K the precession signal completely disappears,
nential damping corresponding to the Lorentzian distributionyhile the average ordered magnetic moment is still seen by
in the limit of smallc. In S,L,GaMnQ;, where the relaxation ND until 100 K [Fig. 8@a)]. This is also illustrated in Fig. 7:
rate o [see Fig. 8)] is indeed much larger the local field the oscillations of the muon spin polarizatid®(t) at T
distribution is changed to Gaussian one. The increase in re=90 K are strongly dampedhe precession frequenéyvas
laxation Ag=10us ! corresponds to the field variance fixed to zerg. In addition, the asymmetry of the main oscil-
=230 G. Assuming a MiT momentMy=4ug, we esti- lating signal starts to decrease above 6(ske Fig. &)],
mate that the concentration of flips in,&aMnQ; is larger  and a nonoscillating exponentially relaxing component de-
by c=8%, that is, in reasonable agreement with the value ofelops, implying that the volume occupied by the main
5% obtained from the difference in the ordered magneticC-type phase is decreased with the temperature. This tem-
moments seen in the ND experiment. perature behavior correlates with the increase in the intensity

FIG. 9. An example of the distribution of the dipole field com-
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of the G-type diffuse peakFig. 4 above 60 K observed in
the ND experiment. The fact that the muon spin precession
signal becomes strongly damped above 70 K means that the
G-type fluctuations are also present locally as spin-flips in-
side the mainC-type phase. Otherwise if the-type phase
would develop only in completely spatially separated regions
then the muons localized in tligtype phase would preserve
their coherent oscillations with the frequency proportional to
the magnetic moment until the ordered moment ofGHiype
structure is seen in the ND experiméne., up to the Nel
temperaturge One should keep in mind that in this transient
temperature region, the magnetic moméhtdetermined in

the ND experiment is decreased by a factor proportional to
the fraction of the Mn spins which are not ordered in the
C-type structure. This provides an explanation of the unusual
temperature dependence of :[he magnetic morivg(T) dis-
cussed in Sec. Il. Above the Wetemperature, the ZF muon g 10, Schematic representation of the exchange interactions

spin polarizatiorP(t) has no relaxatiofexcept from a small i, the SpMnGaQ, (a) and SgMnGaQ; s (b). Only relevant orbitals

nuclear dipole Contribqtic)nand fg” asym_metry, impllying for Mn®*, Mn**, and G~ ions are shown. Manganese and oxygen
the absence of magnetic correlations, which are static on thgns are shown as circles. Ga ions are shown as diamonds.

muon lifetime scale (10° s). Hence the diffuse Bragg peak
which is still well seen in the paramagnetic regigdfig. 5

(b) X

e romagnetic (AFM) interaction of neighboring Mn ions.
originates from the short-ranged (40 Aas shown abawel Though several more distant SE paths contribute to a mag-
dynamlceilG-type fluctuations. From the relaxation rate ( petic exchange between Mn ions in the adjacent magnetic
<0.1us ") aboveTy one can estimate the low limit of the |ayers, only one apparently dominates. The relewdator-
fluctuation frequency ag>10' Hz, according to the for- bitals for Mr?* ions and D, orbitals for oxygen ions are
mula for the fast field fluctuation® »v=2(2af)?/\ (it IS shown in Fig. 10a). In this figure we use the following no-
assumed that the width of the internal magnetic field distriation for the axesx andy are the directions along Mn-O-Mn
bution is approximzatf/;y given by the muon spin precessiorhongs in the Mn@ layers, andz is the perpendicular direc-
frequencyf, as(AB%)"*=2mf/y,). tion. This dominant AFM exchange is due dooverlaps of

d,2 orbitals of Mr, and Mrg ions with p, orbitals of corre-
sponding oxygens designated ag énd Q in Fig. 10a).
Orbitals of spatially close Ga ion can contribute to this SE
. . . ) process or provide paths, however; their inclusion would en-
In this section we propose a theoretical model, which exy 56 the resulting total AFM exchange along the “vertical”

plains the transition from anti- to ferromggnetically coupledbond because the &aion has completely filled shells. The
AF ordered MnQ planes by oxygen doping. In the reduced jniarjayer AFM coupling, together with ordinary AFM ex-

composition with5=0.0, the MnQ octahedra have longer ange in the basal MnOplane, stabilize the observed
distances between Mn ion and the apical oxygen ions aé-type magnetic structure.

compared to that in the basal plaff@ble I). Thus the orbital
ey doublet is split and the ground state configuration of
Mn3" ion is (dzztgg). Thought,, orbitals are also weakly B. Sr,MnGaOs 5

split, in our semiquantitative analysis we avoid introducing  There are two significant modifications induced by oxida-
new symmetry notation and retain the old one throughout thgon, both of which are important in explaining the observed
paper, i.etyq, for this group of low-lyingd orbitals of Mn  magnetic structure in this compound. First, nearly all Mn
ions. In the oxidized composition witd=0.5, the MnQ ions are now Mﬁ+(t§ configuration, i.e., they have ne,
octahedra are only slightly distorte@iable ), implying very  glectrons with strongg overlap with oxygen. The exchange
small splitting 3of thet,y orbitals within the ground state hieraction in the basal MnOplanes changes only quantita-
configuration {35) of Mn** ions. When varyings, strong tively: it may become somewhat weaker because of the ab-
changes both in the Mn ion oxidation state and the structurgepce of d,2-p(0)-d,2 exchange channel, but remains
of the nonmagnetic GaQ, buffer layers lead to strong strongly AFM due to the short-distaty,-p(O)-t,q Overlaps.
modifications in the basic magnetic interactions between Misecond, a structure of the nonmagnetic buffer GaO layers is
ions belonging to adjacent MnQayers. The superexchange changed substantially: as shown in Fig. 2, the consecutive
theory provides a firm basis for considering these modificamagnetic MnQ layers are now linked by GaQoctahedra,
tions and explaining the observed magnetic ordering type. hereas some of these octahedra have missing oxygens in
the GaO planes. Therefore, the magnetic interlayer interac-
tions are expected to be changed drastically as well.
Short-distant Mn-O-Mn superexchan@®E) hoppings of Let us examine a SE coupling between Mn ions belonging
both 4 andt,4 electrons produce a strong in-plane antifer-to adjacent magnetic layers. First we consider a connection

IV. THEORY AND DISCUSSION OF THE MAGNETIC
ORDERING TYPE

A. Sr,MnGaO;s,Ca,MnGaOg
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through regular Ga@octahedra which occurs, at least lo- ; 16 (2t)4[ 1 1 2 ][ 6t\?

! . R . . arm_ —+ +—| =, (2)
cally, in the real material. In Fig. 10) a configuration for ABT9 Az |[AT2A+U, Uglt
relevantd,, orbitals of Mn andp, andp, orbitals of O ions
is shown, which allows us to compare SE coupling along thevhile the FM one is
“vertical” (Mn 4-O4)-(Og+ O, )-(0g-Mng) bond with that
for a shortest “diagonal” (MR-Op)-Og-(Oc-Mn¢) one. We m 2 (@)* 2J, 4
apply the perturbation SE theory to a minimal model includ- JaB= 9 A2(2A+U,) 2A+U, 1+ t )

P

ing the relevant orbitals of intervening oxygens g(@nd

O,), and ignoring Ga orbitals. Possible effects of the latterNote that SE processes through the orbitals lying yz) (

will be discussed shortly later. plane lead to doubling of strength of MiMng coupling,
Taking into account the signs of the orbital lobes in Fig.which is taken into account in Eq&2) and (3).

10(b) we define the following hopping parameters between When (5t/t)—0, only the FM contributiofEq. (3)] sur-

neighboring oxygen p-orbitals: t(pﬁ,p&)z—t(pf,p?) vives and the result strongly resembles that for 90°-bond

=t(p2,pL)=—t(p2,pR)=t(p$.pR)=tPP, and —t(pf, geometry. As seen from Eq3), FM coupling is controlled

pk) = —t(ph,pR) =t(p2,pk) =t(p2,pY) =t(p$ ,pR) =t°P. by a small fac_tor Zp/(2A+UP): This is the ratio of the

These can be compressed in the following form of the kineticnergy of the singlet-triplet splitting for two electrottoles

partHE'" of the effective Hamiltoniartspin indices are omit- 0ccupying orthogonalp orbitals of the same O ion
ted), to the energy of two electronéoles occupying the same

p-orbital. In the real material under consideration,
Mna...-Or ...-Mng bonds deviate from the pure
HE= —t,(d\+d8) (pR—pL) —t(di—dL)(pR+pL) 90°-bond geometry. In our theory, this deviation is described
by a small parameterst/t)? that controls the strength of the
+di(t,pE+tp) +H.c., (1) AFM contribution[Eq. (2)] to Jag. In the present consider-
ation, competition between AFM and FM contributions can
formally result in exchange constadhg of any sign. To
decide about a sign and a valueJXfg both the quantitative
estimates within the present model and an inclusion into con-
sideration of the relevant Ga orbitals are required. We expect,
however, that Ga orbitals are energetically strongly separated
from the oxygerp levels. In this case, their inclusion would
give a rather weak AFM contribution in favor of the total
AFM “vertical” coupling. In any case, the total exchange
JAB, even if AFM, will be strongly reduced.
As far as the “d|agonal bond is concerned, similar cal-
culations lead to the foIIowing expression for exchange con-
stantJ,c=Jam+ Jin

where the effective second-order hopplng amplitutigs
—t”dtpp/A are of the same sign. Het&’ is a standard pa-
rameter for a hopping of an electrghole) between thed,,
orbital of Mn and thep, orbital of the nearest O iofin the
notation of Fig. 10, andA=|e,— ¢4| is the corresponding
(insulating charge-transfer energy. Energy levels of crystal-
lographically different p-orbitals of oxygen ions in the clus-
ter[Fig. 10b)], are split due to the crystal field effects. This
splitting is of minor importance and, hence, dropped in our
minimal model. We introduce also Coulomb integridigand
U,, and Hund’s exchange constaht>0 describing on-site
electron(hole) interactions ord andp orbitals, respectively.

One can see from Fig. 10) that the “vertical” and “di- 1 (2t)* 2 1 5t\ 212
agonal” magnetic coupling, for instance, through-on are Jifcm 5 1+ ) } , 4
determined by similar SE paths. However, these paths inter- 9 A% [2A+Up Ud t
fere in different way, destructivelffor a “vertical” bond) or
constructively(for a "diagonal” bond, which is controlled im_ 2 (2t)* 23, ﬂ)z 5
by a sequence of the hopping amplitude signs along particu- ACT g A2(2A+ Up) 2A+U,

lar paths. This results in a large difference between exchange

constantsJag and Jac for the “vertical” and “diagonal” In the limit (St/t)— 0, the expression fal,c takes on the
bonds, respectively. The problem can be viewed |n anotheform well known for 180°-bond geometry with strong AFM
way. Actually, if one rotates both orbitajs; and p5', by  exchange. Even if the paramet@t is finite, the FM term
an angle 45° about the y direction, approximately 90° andEq. (5)] gives a small correction to this exchange. Like in
180° bond geometries can be easily recognized for thehe case of the “vertical” bond, an inclusion of Ga orbitals
“vertical”  Mn,...-Og...-Mng and  “diagonal” would lead to an additional weak AFM contribution, thus
Mn,- ... Og...-Mnc bonds, respectively. Hence one canenhancing the total AFM exchange along the “diagonal”
expect that the “diagonal” coupling is AFM and dominates bond.
the “vertical” coupling (which can be even a weak FM one The experimentally observed magnetic structure i<of
To make the statement more explicit, let us first define theype (i.e. FM ordering along z-directionin view of appar-
hopping differencedt=(t,—t,)/2 and their average=(t, ently strong AFM interaction in the MnOplane, this struc-
+1t,)/2. Then by collecting all the SE paths contributing to ture becomes evident for the AFM “diagonal” coupling and
the “vertical” coupling one obtains an expression for the the FM “vertical” bond. In the case of the weak AFM “ver-
isotropic exchange constadfyg with two distinct terms, tical” bond, one has to compare the stabilization energy
Jag=J3IM1 31 The AFM term reads zgdac (z4 is a number of operating “diagonal” bonds per

184412-11



V. YU. POMJAKUSHIN et al. PHYSICAL REVIEW B 66, 184412 (2002

site) with the frustration energylag per site. If the Ga@  layer: more distant‘diagonal”) interlayer antiferromagnetic
octahedrdFig. 2) are regularzy=4, and the ratio of the two Superexchange dominates the shortéatrtical” ) one. This
energies is given by Jhc/Jag: hence the dominant ex- 'S mainly caused by a constructive or destructive interference
changel ¢ stabilizes theC-type magnetic state. A random of superex_chang_e _paths through a §peC|aIIy arranged lattice
oxygen vacancy in GaO layer, first, breaks a “diagonal” ©f 0Xygen ions within the nonmagnetic buffer (GaQ) lay-
bond, z;—3 and, second, reduces a “vertical” exchange €rs- Numerous interlayer “diagonal” bonds stabilize the re-
constant] \g— 5J,g/8. Therefore for the gived, andd,g  Sulting C-type magnetic structure, and suppress frustration
the above mentioned ratio even increases and our argumerf§ects which may arise due to weak@resumably antifer-

in favor of the stability of theC-type state remains valid for romagnetig “vertical” bonds.

the real structure with the oxygen vacancies in GaO layers, |Nne low temperature saturated magnetic moments are
M(0)=3.61(5ug for CaGaMnQ;,, 3.16(6g for

Sr,GaMnQ;, and 2.1(1 kg for SL,GaMnQ, 5. The magnetic
moments in Sr-based samples are appreciably reduced in
Crystal and magnetic structures of new complex mangaeomparison with the spin-only values of the corresponding

nese oxides $6GaMnQ,; (6=0.01,0.52) and Mn ion. By using complementary information on local mag-
Ca,GaMnQ,, s (6=0.05) were studied by neutron powder netic field distribution fromuSR we quantitatively show that
diffraction (ND) and wSR technique. The crystal structures the reduced value of the long range ordered magnetic mo-
belong to a brownmillerite type and consist of alternatingment seen by ND in $6aMnQ; is caused by the presence
SrO, MnQ,, SrO, and Gag@, 5 layers. The compounds have of magnetic disorder due to locally flipped Mn-spins in the
orthorhombic (ma2 or Imcm, Pnmaspace groupsand te-  neighboring MnQ planes. From both ND andSR data we
tragonal P4/mmn) crystal lattices for oxygen reduced and also show that in $6aMnQ; 5, the Neel state ofC type has
the oxidized compositions respectively. The principal differ-a temperature dependent contribution from short-ranged
ence between the=0(Mn®*) and §=0.5(Mr"*) com- (~40A) antiferromagnetic correlations preserving the
pounds is structure of (GgQ,) buffer layer, which is G-type magnetic structure of the reduced<0) composi-
formed by tetrahedra or partially filled octahedra. The spacéion. The reduction of th€-type ordered magnetic moment
group choice for the oxygen reduced composition is mainlyis caused by the presence of these short-ra@ggpe fluc-
determined by the ordering type of the Gat@trahedra. In tuations, which effectively reduce the number@type or-
both oxygen reduced and the oxidized composition a certaidered Mn spins. The contribution of the short-ran@etype
disorder in the oxygen positions in the GaQ-layer is very  fluctuations appears below 180 K and then decreases near
well seen from the neutron diffraction data. 100 K, suggesting that th€-type magnetic ordering sup-
The Mn-Mn distance between the Ma@lanes is about presses theG-type AFM fluctuations developed at higher
8 A, which is more than two times larger than interplanetemperatures. The spin flips and the short-ranged magnetic
Mn-Mn distances. In spite of the layered crystal structure thgohase can be caused by the disorder observed in the oxygen
magnetic ordering is 3-dimentional with the' &l@empera- positions of the GaQ, 5 layer, because the coupling between
turesTy=183 and 160 K for the Sr- and Ca-based oxygenthe MnG, layers is mediated by the geometry of the super-
reduced compositions, respectively. The loWgrin the Ca-  exchange path through these oxygen atoms.
based sample can be caused by the different oxygen content
and slightly different interatomic distances. In the oxidized
Sr,GaMnQ; 5 composition the Nel temperature amounts to
Ty=110 K. The magnetic moments of Mn are coupled an- We are grateful to Dr. L. Keller for the help in neutron
tiferromagnetically in Mn@ plane, but antiferromagnetically diffraction measurements. We acknowledge the allocation of
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by the oxygen doping is driven by the strong diagonal 180°32392a, the Swiss National Science Foundation
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