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We have studied the crystal and magnetic structures of the magnetoelectric maRvalOg
(R=Tb,Ho, Dy) using neutron diffraction as a function of temperature. All three materials display incommen-
surate antiferromagnetic ordering below 40 K, becoming commensurate on further cooliR=TFobrHo, a
commensurate-incommensurate transition takes place at low temperatures. The commensurate magnetic struc-
tures have been solved and are discussed in terms of competing exchange interactions. The spin configuration
within the ab plane is essentially the same for each system, and the radiBsdefermines the sign of the
magnetic exchange between adjacent planes. The inherent magnetic frustration in these materials is lifted by a
small lattice distortion, primarily involving shifts of the Mhcations and giving rise to a canted antiferroelec-
tric phase.
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I. INTRODUCTION (R=Tb,Ho,Dy, by as much as 109% in the case of
DyMn,0s.2 On cooling these materials beloWy, multiple

There is a great deal of current interest in materials thaphase transitions involving changes in the magnetic propaga-
exhibit interplay between lattice distortions and electricaltion vectork =(ky,0,k,), wherek,~1/2 are a common fea-
and magnetic ordering. In particular, the small group of mature and often coincide with pronounced anomalies, i,
terials known as magnetoelectrics, in which magnetism an@ulk magnetization, and specific h&at.However, the pre-
ferroelectricity coexist and are mutually coupled, are beingise nature of the interplay and coupling between the crystal
extensively investigated. These materials display phenomengructure, ferroelectricity, and magnetic ordering remains
such as the control of electrical polarization by the applicarather unclear. One would expect a phase transition to a
tion of an external magnetic field, providing an additional structure with polar symmetry to occur at the onset of ferro-
degree of freedom for the design of new devices. Such beelectricity, but studies thus far have failed to find direct evi-
havior has recently been found in ToMa®DyMnO;,? and  dence of such changé&s Furthermore, due to their complex-
TbMn,Os.2 These systems all have incommensurate magity, detailed determinations of theRMn,Os magnetic
netic order caused by competing magnetic exchange interaetructures are lacking for all but the simplest cases. In
tions, which increasingly appears to be a feature that casrder to gain a better understanding of these complex
give rise to magnetoelectric properties. systems, we recently carried out a neutron diffraction

The manganese oxides with general form@&®n,Os  study of TbMOs which revealed unambiguous correlations
(R=La,Y,Bi, or rare earth are insulators and consist of petween anomalies ia and changes in periodicity of the
linked Mn*Og octahedra and MHOs pyramids (Fig. 1),  spin structure on varying the temperatéfélhe Mn spins
adopting space groupbam The octahedra share edges toand a small proportion of the Tb spins orderTat=43 K,
form ribbons parallel to the axis, adjacent ribbons being slightly above the ferroelectric ordering temperature at
linked by pairs of corner-sharing pyramids. These materialg.=38 K. Our data showed that the magnetic structure is
have been studied since the 1960s due to their complex mag-
netic structures, but more recently have been found to exhibit
spontaneous electrical polarization, the onset of which oc-
curs just below the antiferromagnetidFM) ordering tem-
perature(Ty).4~" Although the magnitude of this polarization

(P) is two or three orders of magnitude smaller than in typi- T\

cal ferroelectrics, there is growing evidence that the polariza- WAV AV

tion is strongly coupled to the magnetic order. Recent studies .03 Q4
of RMn,Og materials have revealed remarkable magneto- ab plane

electric properties. In TbMi©s the direction of P can FIG. 1. Schematic crystal structure BMn,Os, showing mag-
be repeatedly reversed at 3 K, without any loss in magnitudenetic exchange interactions referred to in the main text. Left:
by the periodic variation of an external magnetic field Mn4*Og octahedra share corners with f#1®s trigonal bipyramids
between 0 and 2 ¥.The application of a magnetic field in the ab plane;R3* cations are omitted for clarity. Right: MfOg
also enhances the dielectric constafi#) of RMn,Og octahedra share edges to form ribbons parallel tocthgis.
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incommensurategl k=(~0.50,0,0.30] immediately below a) HoMn,O;

Ty, becoming commensurate wik=(1/2,0,1/4 on cool- 5.6640

ing through a “lock-in” temperature of 33 K. Unusually, a

commensurate to incommensurgite= (0.48,0,0.33] transi- Z 7263 Z 56635 {

tion takes place at 24 K, at which temperature a large jump & © i

in e and a rapid decrease ihhave been observéddrdering 7.262 5.6630

of the remaining Tb spins then takes place on cooling below 34845

9 K, coinciding with a recovery irP. ToMn,Os is a geo- = 8469 } & 34840 4
metrically frustrated system, in which the favorable magnetic 3 > 34835

exchange interactions cannot all be satisfied simultaneously. 4,5 348.30

In this scenario, small displacements of the ¥mations 50 40 60 0 _ 20 40 60
would lift the corresponding magnetic degeneracy and re- Temperature (K) Temperature (K)
duce the exchange energy. The unu_sually sma_ll value of b) DyMn,0,

would then result from a “canted antiferroelectric” arrange-

ment of atomic displacement vectors. In order to confirm the 7.31

above hypothesis, it is important to study other members of
the RMn,O5 series and to investigate the role played by the
rare-earth cation; the magnetic propagation vector in this se-
ries of materials depends strongly &ias well as on tem-
perature. Here we present further details of magnetically
frustrated TbMpOs and report on the magnetic and crystal
structures of HoMpOg and DyMn,O5. We show that the Mn
spins order in essentially the same configuration within the
ab plane regardless dR and that the magnetic structure is
consistent with the lowering of symmetry in the ferroelectric FIG. 2. Lattice parameters and unit cell volumes of Holg
phase fromPbamto Pb2,m that has been predictédy and Dy.Mr.yo as a function of temperature

group theoretical analysis. We also present energy calcula- > '

tions of the collinear magnetic ground state; these indicatgingle crystals, which failed to find evidence for the expected
that the observed magnetic structure cannot be stabilized isymmetry lowering. However, we did observe anomalies in
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the Pbamspace group. the lattice parameters for Tb and Dy and in the atomic dis-
placement parametefADP’s) for Th. Further details of the
IIl. EXPERIMENT TbMn,Os refinements are presented in Ref. 10. The tempera-

ture dependence of the lattice parameters for the Ho and Dy

Polycrystalline, single-phaseMn,Os samples were pre- compounds are shown in Figsi@? and 2b). The trends for
pared through conventional solid-state reaction in an oxygemoMn,Os are broadly similar to those for the Tb sample,
environment. Stoichiometric quantities of jJ, (purity  with the a and ¢ parameters becoming essentially constant
99.998%, Dy,0O3 (99.99%, Ho,03 (99.995%, and MnG,  below 30 K. However, unlike in the case of Tb there is no
(99.999% were thoroughly mixed, compressed into pellets,sign of any anomaly in thé parameter. DyMsOs shows a
and then sintered at 1120 °C for 40 h with intermediatemuch larger structural response than the other two samples.
grindings. The samples were finally cooled at 100 °C pelA sharp reversal of the slope of thdattice parameter occurs
hour down to room temperature. Neutron powder diffractionon cooling below 25 K, which results in a slight negative
data were collected using the GEM diffractometer at the 1SIShermal expansion of the unit cell as a whole. This coincides
facility. A helium cryostat was employed to vary the tem- with anomalies in the specific heat and dielectric constant.
perature between 2 K and 300 K. Determinations of then addition, thea parameter appears to have a small anomaly
nuclear and magnetic structures were carried out using thet ~15 K, but higher resolution data are clearly needed to

GSAs and FULLPROF programs, respectively. confirm if this feature is significant. The cause of these fea-
tures remains unclear at present—it is possible that a modu-
lIl. NUCLEAR STRUCTURES lation of the lattice could occur in the low-temperature

phase, as recently reported by Higashiyahal,'? but with
Refinements of the nuclear structures of all tHRbn,Os  our current data we are unable to speculate further. For both
materials were carried out in the centrosymmetric spacéhe Ho and Dy samples, good fits were obtained in space
group Pbam The ferroelectric transition temperatures aregroupPbamat all temperatures measured, and no anomalies
38 K for Th?? 40 K for Ho, and 39 K for Dy Although the  in the ADP’s were apparent. Any low-temperature deviation
structures must be polar in the ferroelectric phase, our datitom Pbamsymmetry is thus very small in both cases. This
do not provide direct evidence for the lowering of symmetry.is consistent with the extremely weak nature of the polariza-
We did not observe any nuclear superlattice peaks that woultlon, two or three orders of magnitude smaller than in typical
indicate a modulation of the ferroelectric phase. This is conferroelectrics, which is not expected to give large atomic
sistent with a previous structural study of ferroelectricdisplacements. The high-temperature structures of the Tb and
YMn,O5 (Ref. 9 using synchrotron x-ray diffraction on Ho samples agree well with those reported by Aloasal.,*®
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TABLE I. Selected bond distancedl) and angles(deg at > DyMn,0,
60 K. ‘3 -~0.2
g
c
Distance/angle TbM©O5 HoMn,Os DyMn,Os x : 0.1
+ o
-~
Mn#*-02 1.9312) 1.9262) 1.9224) E = 0.0
Mn**-03 1.8612) 1.8652) 1.8734) ~ 0 10 20 30 40
Mn**-04 1.91 1) 1.90 1) 1.91 2 Temperature ()
n- 911 907 9192) FIG. 4. Integrated intensity afl00)+k magnetic Bragg peak as
Mn3*-01 19172) 1.9192) 1.92Q4) .
a function of temperature for DyM@s.
Mn3*-03 2.0272) 2.0123) 2.0185)
Mn3+-04 1.9032) 1.9032) 1.8964) constan Similar sequences of transitions have also been

observed in ErMpOs (Ref. 6 and YMn,O5 (Ref. 7. The
background, integrated over trange 0.74—-1.05 &, and
the integrated intensity of the.10 —k magnetic Bragg peak

Mn**-Mn** (at “Mn3* layer”) 2.76Q04) 2.7715) 2.78§10)
Mn**-Mn** (at “R layer”) 2.9024) 2.8875) 2.87910)

Mn?*-Mn?* 2.8424) 2.8305  2.8449) are plotted in Fig. @). The latter curve becomes slightly
Mn‘*-02-Mn* (J1) 97.4511) 97.1013  97.03) steeper below 18 K, suggesting that the commensurate-
Mn**-03-Mn** (32 95.7211) 96.2414)  96.23) incommensurate transition involves the onset of ordering in
Mn**-04-Mrét (33 123.099) 122.5911) 122.62) the Ho™* sublattice. However, this ordering is likely to be
Mn#*-03-Mn** (J4) 131.686) 131.377) 131.41) gradual in nature, as the background decreases in essentially
Mn3*-01-Mr* (35 95.7010) 95.0312) 95.72) linear fashion over the whole temperature range.

For DyMn,O5 the behavior ok is rather different to that
for R=Tb and Ho. In our neutron diffraction data, magnetic

and the Dy structure is essentially identical. Table | listsPeaks are first apparent above the high backgrddoe to

some bond distances and angles at 60 K that are relevant #8€ large incoherent neutron cross section of &y 32 K,
the discussion of the magnetic structures below. although the true ordering temperature may well be
higher®12 The magnetic structure is incommensurate below

32 K, with k=(0.490,0,0.250. The value ofk remains un-
IV. MAGNETIC STRUCTURES changed on cooling to 8 K, where a transition to a commen-
surate structure with=(0.5,0,0 takes place. Although no
low-temperature reentrant incommensurate phase was ob-
served, weak peaks that could be indexed with the propaga-
ion vector of the “high-temperature” magnetic phase persist
own to 2 K. These either indicate an additional modulation
f the “average” magnetic structure, as reported by Wilkin-
sonet al,' or an incomplete phase transition to the low-
temperature, commensurate phase. Unfortunately the extra
peaks in our data are too weak to allow us to distinguish
between the two possible scenarios. Any magnetic contribu-
tion to the background is overshadowed by incoherent scat-
tering from Dy, but from the integrated intensity of the
(100 +k magnetic Bragg peak, shown in Fig. 4, it appears

The magnetic propagation vector for Hop@y is plotted
as a function of temperature in Fig.(a@8 the trend is
rather similar to that for ToMyOs.1° Immediately below
Tn=44 K, the magnetic structure is incommensurate and al
the magnetic Bragg peaks can be indexed usin
k=(0.480,0,0.245. A transition to a commensurate mag-
netic structure withk=(1/2,0,1/9 then takes place at
~38 K, coinciding withT¢, before it becomes incommensu-
rate once again below 18 K witkh=(0.480,0,0.280, coin-
ciding with anomalies in the specific heat and dielectric

HoMn,O4

® o Tl g g;g that the degree of order on the rare-earth sublattice increases
0.50 ‘f ‘“lrf{ 0.27 below the 8 K transition. We note that no magnetic transi-
~'0.49 . 0.26% tions are apparent in the vicinity of the previously reported
0.48 “pst 0.25 specific heat, dielectric constant, and polarization anomalies
e 0.24 at~13 K and~25 K812
0 10 20 30 40 50 The magnetic structures of the commensurate phases of

Temperature (K)

all three samples were solved with the help of the simulated
annealing method incorporatedADLLPROF, assuming space

group Pbam Symmetry analyses were first carried out and
010 3 are described in the Appendix. However, this revealed that

0.15

Wt =04 L)

=
= 0.05< the crystal symmetry imposes very few constraints on the
5 g variables to be determined. Specifically, for all three materi-
§ 0 40 66"00 < als pairs of MA* atoms(4h) andR atoms(4g) at (x,y,z) and

2

20
Temperature (K) (=x,-y,2) are related such that individual components of the

FIG. 3. (8 Magnetic propagation vector of HoM@s,  Magnetic momentém,, m, andm,) can be coupled in either
k=(k,,0,k), as a function of temperaturé) Background and in- FM or AFM fashion. For DyMgOs only, pairs of Mrt* mo-
tegrated intensity of110) -k magnetic Bragg peak as a function of ments at(0,0.52), (0,0.5,-2) and at(0.5,0 2), (0.5,0,-2)
temperature for HoMsOs. are related such that both, and m, are coupled in either
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AFM or FM fashion; m, is then coupled in the opposite ~ TABLE Il. (a) TbMn,Os magnetic structure at 27 K; propaga-

fashion. tion vectork=(0.5,0,0.25, all moments are in thab plane. (b)
Thus, symmetry analysis does little to reduce the numbeHoMn,Os magnetic structure at 26 K; propagation vector

of independent variables in the problefim fact, the true k=(0.5,0,0.25, all moments are in thab plane.(c): DyMn,Os5

symmetry in the magnetically ordered regime is expected tanagnetic structure at 2 K; propagation vedter(0.5,0,0, all mo-

be lower tharPbam. It was therefore necessary to introduce ments are in thab plane.

additional constraints in the simulated annealing procedures

First, the magnitudes of the magnetic momentg,,| were Moment ¢ Phase
constrained to be equal for all atoms of the same type Atom X y z (ug) (deg (2w
(Mn®*,Mn** R). Second, the phases of the spin density

waves (SDW'’s) for TbMn,Os and HoMnOs; were con- @

strained to be the same for all moments associated with &n*" (1) 0 05 0.2557 1.8F) 1637) 0.125
given crystallographic site. Starting configurations containMn** (2) 0 0.5 07443 1.8F) 1637) 0.125
ing the posasible linear combinationshof AfFM— olr Fehé;?oudpled Mn* (3 05 0 0.2557 1.86) 1606) 0.125
m,, m,, and m, components were then formulatélimite 4+

onlynl:‘)yy the small number of symmetry constraints describecﬁvI nT@ 05 0 0.7443 1.86) 1606) 0.125

above, and an input file for each was written. The experi-'vIn3+ (1) 00886 08505 05 24% 3548 0.125
mental data used in the simulated annealing runs consisted ¥n°* (2 0.4114 03505 0.5 248 3298 0.125
a list of integrated intensities of purely magnetic peaks exMn®" (3) 0.5886 0.6495 0.5 2.4%) 1498) 0.125
tracted from the powder patterns by full-profile fittiflge- ~ Mn3* (4) 0.9114 0.1495 05 248 3548) 0.125

prelminary simulated annealing runs that all moments e ey, () 0139 01718 0 118) 3418 o
iminary simu ing ru iein_ s,

the ab plane for all three materials, thus simplifying thenTb3+ () 03604 0.6719 0 2.2 3388) 0
problem. The models giving the best fits to the integratedTb (3) 0.6396 0.3281 0 2.22) 3388 0
intensity data were selected for Rietveld refinement usingb®* (4 0.8604 0.8281 0 1.19) 34918 0
FULLPROF. For the Th and Ho compounds the #nand

Mn** SDW phases obtained from simulated annealing were ®)

essentially equal, and that Bfwas shifted by almost exactly Mn**(1) 0 0.5 0.2558 2.209) 16914 0.125
w/4; all phases were subsequently fixed in the refinements téin** (2) 0 0.5 0.7442 2.2® 16914 0.125
rational fractions ofz. In all three cases, stable refinementsmn+ (3) 0.5 0 0.2558 2.2@) 1625 0.125
were only obtained when alin,| for Mn cations of the 44+ @ 05 0 07442 22®) 1625 0125

same charge were constrained to be equal. 2+

The best models obtained from the Rietveld refinement&’m3+ (1) 00885 08490 05 2.%9) 3(6) 0.125
were very similar for TbMpOs and HoMnOs. For Mn°"(2) 04115 03490 05 283 34419 0.125
DyMn,Os the best solution was essentially the same as thafin®* (3) 0.5885 0.6510 0.5 2.8 16415 0.125
reported by Wilkinsoret al!* The refined magnetic param- Mn3* (4) 09115 0.1510 05 2%9 3(6) 0.125

f_ters e}r?hsummariﬁed tin 'I;able I ?Qg slchematic r:epresentams+ (1) 0.1392 0.1713 0 1.889) 307(8) 0

ions of the magnetic structures in ane are shown in 34

Fig. 5. The obsgerved, calculated, and giﬁerence neutron difj-_m3+ (9 03608 06713 O 1329 2d1) O

fraction profiles are shown in Fig. 6. Ho™(3) 0.6392 03287 0 1323 281D 0
The configurations of the ordered Mn moments in allHo®* (4) 0.8606 08287 0  1.889 3078 0

three samples are consistent with the prediction by Kago-

miya et al® of a lowering of the crystal symmetry at least s ©

down to Pb2;m in the ferroelectric phase, based on a group'vIn @) 0 05 02521 1225 2999)

theoretical analysis of possible N displacements that Mn** (2 0 05 0.7479 1205 2999)

could give rise to polarization along theaxis. This is best Mn** (3) 0.5 0 02521 1245 649

shown by constructing a “toy model” of the magnetic struc-Mmn** (4) 0.5 0 0.7479 1215 619

ture with exact magnetic space-group symmeRpp’'2;m’ Mn3* (1) 0.0759 0.8447 05 1) 24430

(usm_g the Shubnikov fqrmahsm; see Apper)dﬂ_ihls model  \yp3+ (2) 04241 03447 05 1@  11630)

prgwdgs a good description of the configuration of the MnMng+ (3 05759 06553 0.5 1@ 29630)

spins in the case of DyM@®s. If the total symmetry a

(magnetic+crystalof the system i, p’2;m’, the symme- Mn3+ (4) 09241 0.1553 0.5 1#) 24430

try of the crystal structure isPb2;m, which is the corre- Dy™ (1) 0.1389 0.1729 0 5.683 270.0

sponding paramagnetic supergroup. This toy model provideBY>* (2  0.3611 06729 0 5683  90.0

a link between the magnetic structure and the proposed lowPy** (3) 0.6389 0.3271 0 5.683 270.0

ering of symmetry in the ferroelectric phase, but is clearly arby®* (4) 0.8611 0.8271 0 5.683) 270.0

oversimplification: in reality, there is an additional modula-

tion along thec axis and “misalignment” of the Mn spins by

up to 30° in TboMROs and HoMn,Os. This suggests that the V. MAGNETIC EXCHANGE INTERACTIONS

real crystal symmetry may be even lower thab2;m. Fur- The spins lie in theb plane for all three materials. Within

ther details are given in the Appendix. the ab plane, it can be seen in Fig. 5 that two zigzag chains
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TbMn,O,
@ N a
@
Ay’ r@- 0 E
b - E
I—; X
_Q. 4
a s
HoMn,O; <]
>
=
(2]
= c
N L) o
A @7 " £
.‘ & i Y
DyMn,O i
yHinzs 2345678
4 d (A)
7 $ FIG. 6. Observedcrossey calculated(solid line), and differ-
Y $ \* * X ence neutron diffraction profiles for TbM@s at 27 K (top),
HoMn,Os5 at 26 K (middle), and DyMn,Os at 2 K (bottom). The
4 * * $¥ ‘ upper and lower rows of tick marks correspond to reflection posi-
1 tions for the nuclear and magnetic structures, respectively. The data

(4
were collected from three detector banks situated at 18.0°, 35.0°,

and 63.6° and refined simultaneously. To produce the figure, data
FIG. 5. Schematic representations of the magnetic structures ¢fom different banks in adjacent-spacing ranges were spliced at

TbMn,Os, HOMn,Os, and DyMn,Os in the ab plane. The unit cells  Points of the profile where no Bragg peaks are present. The high
are doubled along. quality of the fits to the weaker magnetic peaks is shown more

clearly in the insets. Some weak unindexed peaks are apparent in
per unit cell of AFM-coupled nearest-neighbor f#nand  the DyMn,Os profile, as discussed in the main text.
Mn3* run in a direction parallel to tha axis The canting
angles of the AFM-coupled spins in these chains are esseimteractions simultaneously, and every Mmoment has one
tially zero within error bars, being refined as(1%)° and nearest neighbor M moment in theb direction with the
14(10)° for Th, 521)° and 218)° for Ho, and 331)° and  “wrong” sign. Competition between different exchange inter-
3(31)° for Dy. In all three materials the magnetic moments ofactions is not confined to theb plane; J3/J4 will favor a FM
both Mrf* and Mr#* are much lower than expected, suggest-alignment of Mit* spins in adjacent edge-shared octahedra,
ing that a degree of frustration is present. This is unsurpriswhile the weak superexchange associated with J2 is expected
ing given the nature of the lattice geometry, which gives riseo support an AFM arrangement. In all three of our materials
to competition between different magnetic exchange interacdd3 >[J2 and |J4>|J2}; thus, the alignment is always FM.
tions; five nearest-neighbor interactions can be identifiedThe magnetic structures of tHRMn,O5 series mainly differ
shown in Fig. 1. The MrO-Mn bond angles associated in their periodicity alongc, which is most likely determined
with these interactions in the case of superexchange viby the radius ofR. Although the arrangement of Mn spins
an oxygen atom are listed in Table Il. Looking at the within the ab plane is essentially insensitive R the radius
exchange interactions relevant to theplane, J3 and J4 are of R determines the nature of J1, the interaction between
associated with bond angles that are close to the crossovadjacent MA* spins in edge-shared octahedra at the “
point between AFM and FM superexchange interactiondayer.” Competition is expected here between weak superex-
(~123° and ~131°, respectively according to the change(involving a Mrf*-O-Mn*" bond angle of~97°)
Goodenough-Kanamori-Anders¢GKA) rules?® It appears and direct exchange. The Kt O1-Mn** bond angles be-
that|J4>|J3 and that J4 is always AFM, giving rise to the come smaller as the size & decreases; there is-a0.5°
zigzag chains in which pairs of J4 interactions are separatedifference between Tb and DgTable ). The Mrf*-Mn**
by an AFM J5 interaction. This results in the ubiquitous dou-distances also decrease by0.02 A from Tb to Dy, most
bling of thea axis in these materials. However, the frustratedlikely strengthening the direct exchange interaction. Each
topology makes it impossible to satisfy all of the favorableMn** here is linked to a pair of Mti cations through J3 and
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FIG. 7. Next-nearest-neighb@INN) magnetic exchange inter-
actions in theab plane. Spin directions are indicated by™ and
“—"_Exchange interaction 3 is stronger than interaction 2, resulting
in a square lattice of M with asymmetric NNN exchange and the

stabilization of AFM zigzag chains parallel to theaxis.

J4, and so these two interactions may also play a role in the
spin configuration at theR layer” and hence in the final
value of k,. The competing interactions combine such that
adjacent MA* spins either side of theR layer” are FM for

Dy, retaining the original lattice periodicity alorg(k,=0),

AFM for the larger B?#* cation, giving a twofold superstruc-
ture (k,=0.5 (Ref. 16, and alternately FM and AFM for Th,
Ho, Y (Refs. 7 and 1) Er (Ref. 6, and Tm(Ref. 18, re-
sulting in a fourfold superstructuré&,=0.25. We note that a
threefold superstructure has been reported fot*Hyt de-

tails of the magnetic structure are unknown. In the case of
the commensurate Th and Ho phases, partial ordering of the
rare-earth sublattice appears to be induced by the ordered Mn
sublattice and is influenced in particular by the signs of the 5P
Mn** moments either side of theR‘layer.” A nonzero mo-
ment on Th or Ho only occurs when adjacent¥lapins are
FM; the alternating FM and AFM linkages result in a zero
moment on every second layer of Tb and Ho atoms and in a
phase shift ofrr/4 for the Th/Ho SDW with respect to that
of both Mn sites. One would also expect the alternating na
ture of these Mfi-Mn** linkages to cause a small positional
modulation ofR and Q2), evidence for which was found in ;e IIl: structures @) havek =(
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FIG. 9. Schematic magnetic phase diagrams calculated using
ENERMAG, in space groufPb2;m. Labels are as follows: structures
la—1f havek=(0,0) and spin configurations as listed in Table III;
structures @) have k=(0.5,0.5 and degenerate spin configura-
tions; structures 3a and 3c hake(0.5,0 and configurations as in
0,0.5 and degenerate spin con-
figurations; structures IC are incommensurd&.The pair of ex-
change interactions J4a and J4b are equal and fixed. J3b and J5 are
expressed in units of J4@4b. (b) The pair of exchange interac-
tions J3a and J3b are equal and fixed. J4b and J5 are expressed in
units of J3a(J3b.

the TbMn,Os ADP’s .19 A weak modulation of bond lengths
would thus tend to stabilize the fourfold magnetic super-
structure along. In the Dy sample, adjacent Mhspins are
always FM and no modulation of bond lengths alangs
necessary to stabilize the magnetic structure in this direction.
To generalize further, the particular topology of the mag-
netic Mn sublattices irRMn,Og is the source of a complex
interplay of exchange interactions. The most important
closed loops(circuits), constructed using the Mn atoms as

FIG. 8. Schematic magnetic phase diagrams calculated usmﬂodes have an odd number of nodes. With negative ex-

ENERMAG, in space groufPbam Exchange interactions J3 and J5
(see Fig. 1 are expressed in units of J4. Labels are as follows
structures 1la—1d have=(0,0) and spin configurations as listed in
Table 1lI; structures @) have k=(0.5,0.5 and degenerate spin
configurations; structures 3a and 3b h&we(0.5,0 and configura-
tions as in Table IlI; structures IC are incommensurate.

change interactions these odd circuits give rise to frustration.
‘Alternatively, the magnetic structure of tiRMn,O5 materi-

als in theab plane can be visualized in terms of an AFM
square lattice of Mff with asymmetric next-nearest-
neighbor (NNN) interactions, a simple geometrically frus-
trated systeniFig. 7). A hierarchy of three NNN interactions
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TABLE llI. Predicted collinearRMn,Os magnetic configura- TABLE IV. Irreducible representation of the group of the propa-
tions; atom numbers refer to those in Tablegs)lto 11(c), and “+” gation vectorG,.
and “—" represent the direction of spins.
Symmetry
Propagation vector: (0,0 (05,0 elements oG, {1000  {2,J000  {m|o%0} {m,|300}
Configuration: la 1b 1c 1d 1le 1f 3a 3b 3c ] ]
I'y 10 10 0 i 0 -—i
Mn** (1) + 4+ + + + + + + + (0 1) (0 _1) (—i 0) (—i 0)
Mn** (2) + 4+ 4+ 4+ 4+ + + + o+
Mn** (3) + - - + + - - - + I, (real 10 10 01 0 -1
Mn?* (4) + - - 4+ + - - - +  matriceg (o 1) (o —1> (1 o) (1 o)
Mn3* (1) -+ - 4+ - + + - =
Mn3* (2) - - 4+ + - - - + = x (Ty 2 0 0 0
Mn3* (3) - - 4+ 4+ o+ o+ 4+ = = Atom in site 4f)-orbit 1 or orbit 2
Mn3* (4) - + - 4+ + - 4+ = + X (Tperm 2 0 0 0
x (V) 3 -1 -1 -1
can be identified: interaction<0, interaction 2>0, x (I 6 0 0 0
interaction 3>0, and |interaction 3> |interaction 2 The Atom in site 4g)/4(h)
NNN interaction along the axis is thus stronger than that x (I'yerm) 4 0 0 0
along theb axis, and the zigzag AFM chains parallela@re x (V) 3 -1 -1 -1
always stabilized. ) 12 0 0 0
In such frustrated systems a structural distortion will tend’

to occur in order to give a nondegenerate ground state. Here
the frustration appears to be responsible for inducing theﬁom the (b+) to (b-) direction, giving a possible explana-

transition to the ferroelectric phases. Although we have NQion for the observed temperature dependenck of these
direct crystallographic evidence for a lowering of the SyM- oterials P P

metry, the ADP anomalies observed in Thj@3 close to the
ferroelectric ordering temperature suggest that coordinated

shifts of the Mi* cations take place to give a canted antifer- VI. MAGNETIC PHASE DIAGRAM
roelectric structure and a net polarization along Ithexis 1° . _ _
A structural transition to the space gro@b2;m, as previ- We attempted to clarify the relationship between the

ously predicted using group-theoretical consideratfois, ~Strengths of the various Ma-Mn exchange interactions by
consistent with this scenario. The Rfnsite would be split ~ calculating the ground-state collinear magnetic configuration
into two inequivalent sites, inducing a modulation in thefor a given set of isotropic exchange interactions. This cal-
Mn*-O—Mn3* bond angles in order to strengthen ex- culation was performed using the programeERMAG.? The
change interactions with the “right” sign and weaken thoseenergy of the ground-state configuration is given by the low-
with the “wrong” sign. Indeed, two inequivalent Nhsites ~ €st eigenvalua.(k,{J;}) of the Fourier transform of the ex-
have recently been observed by Mossbauer spectroscopy @hange integral matrix¢(k,{J;}), where{J;} is the set of

the low-temperature phase 6fFe-doped YMpO:.2° The exchange integrals. Thug(k,{J;}) is minimized with re-
same scenario is almost certainly valid for the Ho and Dyspect tok, which is then the propagation vector of the
compounds, but the extremely small structural distortions inground-state configuration; for commensurate structures the
volved, suggested by the small magnitudePpfare on the sequence of signs of the corresponding eigenvector compo-
limit of detection using conventional diffraction methods. nents gives the spin configuration.

The nature of the incommensurate magnetic phases re- Superexchange and supersuperexchange pathways were
mains rather unclear. Here each of the eight Mn atoms antfirst calculated using the prograsmieo.?t We used both the
four R atoms in the crystallographic unit cell is allowed to atomic positions of TbMgO5 refined in Pbamand in the
have its own spin amplitude and phase, and there are npredicted space groupb2;m as input. The output from
obvious phase relations between the SDW's of different atsiIMBO was then used as the input feRERMAG. We decided
oms. We were unable to obtain unique solutions for the into focus only on the spin configuration within tlad plane,
commensurate magnetic structures and will probably requirsince the configuration parallel & involving interactions J1
single-crystal data in order to attack this problem in a sysand J2(Fig. 1), is determined only by the radius of the rare-
tematic manner. We speculate that the incommensuratgarth cation; calculations were therefore carried out setting
phases might result from reversal of the AFM zigzag chains)1=J2=0 in theENERMAG input file. For the same reason,
along thea axis; one or both chains might be reversed, giv-the propagation vector componegtwas set to zero, while
ing rise to four possible magnetic configurations perk, andk, were allowed to vary in the range 0-0.5 during the
Mn3*/Mn** layer. The incommensurate phases might therminimization process for each set @f;}. Propagation vec-
contain variable mixtures of the different configurations. Iftors will thus be referred to in the discussion below as
one of the two chains is reverse®,would also be reversed k=(ky,k,).
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m' The calculation time for a full five-dimensional phase dia-
gram would be prohibitive, and calculations were thus car-
0 ried out by constraining either J3a=J3b or J4a=J4b and fix-
ing the value of the constrained pair, then varying the other
9" three parameters. A selection of the schematic phase dia-
1 grams obtained is shown in Fig. 9: J3a, J3b, and J5 were
varied in set(a) and J4a, J4b, and J5 were varied in @»t
The phase diagrams are plotted in units of the pair of fixed
21 interactions.

The phase diagrams are generally more complicated than
in the Pbamcase. The most important result is that splitting
either thePbamJ3 or J4 interaction stabilizes regions of the
phase diagram containing the experimentally observed
k=(0.5,0 magnetic configuratioi3a). The splitting in en-
ergy between J3a and J3b, or between J4a and J4b, which is
required to stabilize the “3a phase,” becomes smaller as the
J4al/J3a ratio increases. Since the structural distortion from

a Pbamsymmetry is very small, the differences in energy be-
FIG. 10. Representation of tfRy.b'2,m’" magnetic space group tween J3a and J3b and between J4a and J4b are also _Iikely to
in theab plane. The solid lines represent the unit cell withsrexis P& small. It thus appears that J3a and J3b are weak interac-
doubled. Thenv', 2;, and Z symmetry elements are situated at tions in comparison to J4a and J4b, as proposed in the dis-
z=0 andz=3. Theb, b’, 2;, and 2 elements are at=; andx=2. ~ CUSSION of the magnetic structure above. In Fi@ & may
be seen that if J3a and J3b have the same magnitude but
opposite sign, the experimentally observed 3a configuration
is always stable for J50. This scenario could arise if a
Calculations were carried out by setting(@hown in Fig.  small structural distortion causes a modulation in the
1) to either a positive or negative value, then systematicallyin4+-04-mMr?* bond angle; this angle is close to the
varying J3 and J5 in units of J4. Selected parts of the resutAFM-FM crossover point, and a distortion ®b2;m sym-
ing phase diagram are shown schematically in Fig. 8. Variougnetry could lead to J3a and J3b having opposite signs.
different magnetic structures are predicted, and the Spiﬂ Ccon- A feature common to many of the phase diagram “slices”
figurations in regions of the phase diagram where there is nf, Fig. 9 is the existence of two distinct areas of configura-
magnetic degeneracy are listed in Table Ill. There are foufion 3a at negative values of J5 that are separated by an
differentk=(0, 0) structures predicted at positivand some-  ijncommensurat€IC) region. The IC region becomes “nar-
times low negative values of J5, a range of degeneraterower” in energy as the J4a/J3a ratio increases—that is, as
k=(0.5,0.9 structures at large negative values of J5, andj3a becomes weaker. This particular IC region has
various incommensurate structures whégg k, or both  k=(k,,0), 0<k,<0.5, and may correspond to tiie,,0,k,)
components deviate from 0 or 0.5. The commensuratghases reported for many of tiRMn,Os materials.
k=(0.5,0 structure experimentally observed RMn,Os
(R=Tb,Ho, Dy) corresponds to configuration 3a in Table I,
which is only realized in the plane of the three-dimensional
phase diagram formed by the exchange interactions J3=0, The magnetoelectric materiaRMn,Os (R=Tb,Ho,Dy)
J4<0, and J5<0 (represented by the vertical dotted line in all display multiple magnetic phase transitions. A variety of
the J4<0 diagramg Even here, the structure appears to bemagnetic ground states, both commensurate and incommen-
rather poorly defined in théd direction, since although surate, appear to lie very close to each other in energy, giving
k=0 on average, the value fluctuates significantly fromcomplex phase relations. However, the spin configuration
point to point in the plane. Indeed, it is difficult to envisage within the ab plane of the commensurate phases is essen-
how long-range order along thie axis could occur when tially the same for each system; the radiusFofletermines
J3=0. These observations strengthen our qualitative observene sign of the magnetic exchange between adjacent planes.
tion that the experimentally observed structure cannot be staFhe inherent magnetic frustration caused by the lattice ge-
bilized in Pbamsymmetry, due to the presence of frustration.ometry is lifted by small shifts of the M cations. Both the
magnetic structures and our energy calculations suggest that
the space group symmetry is most likely lowered frBimam
to Pb2;m and that a canted antiferroelectric state is induced
The proposed structural distortion giving rise Bb2;m  with a small net polarization parallel to theaxis.
symmetry would split both J3 and J4 into two inequivalent
interactions. The split J3 interactions will hereafter be re-
ferred to as J3a and J3b and the split J4 interactions as J4a ACKNOWLEDGMENT
and J4b. Neglecting J1 and J2, which were again fixed to This work was sponsored in part by the U.S. Department
zero, there are five variable interactionsHb2;m symmetry.  of Energy Office of Science under Contract No. W-31-109-

A. Pbamcalculations

VIl. SUMMARY

B. Pb2;m calculations
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ENG-38 and by Grant No. NSF-DMR-0405682. positions 4g) and 4h), respectively, a single orbit exists and
the decomposition of the magnetic structurelis6I';. In
APPENDIX: SYMMETRY ANALYSIS OF THE MAGNETIC both casegpositions 4f) and 4g)/4(h)], the number of basis
STRUCTURE OF RMn,05 vectors projected is equal to the number of spin degrees of
freedom.

The propagation vector of the magnetic structure for all  he predicted space group for the ferroelectric phases,
samples investigated hereks=(1/2,0 k), labeledikig} i ppo m9is qualitatively consistent with the magnetic struc-
Kovalev's notation. Four rotational elements of the spacyres presented here. We have constructed a toy model using
groupPbamleave this propagation vector |nvar|a_{11:| 000}, the Shubnikov formalism to describe the Mn spin configura-
{2,/000;, {m,|000}, and{m,|000}, using the notation of the tions within a single crystallographic unit cell. The pairs of
International Tables. The single irreducible representation ogpins parallel to ¢, {Mn**(1), Mn**(2)} and
the group of the propagation vectGy is shown in Table IV f\n4*(3), Mn**(4)}, are always aligned in FM fashion; thus,
where the symmetry elements are labeled according to thge mirror planes at=0 andz=1/2 possess additional time
setting of the International Tables. reversal and are denoted y. A b-glide plane atx=1/4

The matrix reTresentatlons of the symmetry element§g|ates the MfF(1) moment at(0,0.5,0.254) to the

{mx|O%O} and {my %OO} are purely imaginary. The unitary \n4+(3) moment at(0.5,0,0.25+), reversing the sign of

matrix the m, component parallel to the glide plane. The W1i3)
1 0 moment at(0.5,0,0.254%) and the MA*(1) moment at
U= (O —i) (1,0.5,0.25%) are related by &’-glide plane atx=3/4,

which reverses them, component. The pairs of spins
transforms all the matrix representationsmfto real matri- ~ {Mn**(1),Mn**(4)} and {Mn**(2),Mn**(3)} are related by
ces as shown in the third row of Table IV. Whip=0, the 2] and 2 screw axes, respectively. The arrangement of the
positions of a MA* cation on the &) site are split into two ~ Mn®* moments is also well described by this set of symmetry
orbits: (0,1/22), (1/2,02), and (0,1/2,-2), (1/2,0,-2). elements, which are uniquely consistent with the magnetic
This is because the mirror in thab plane is not an element space groupP,b’2,m’, a subgroup of the paramagnetic
of G,. For each orbit the decomposition of the magneticspace groug®b2,m. The P, ,b’2;m" symmetry elements are
representatiod” is I'=3I';. For the M#* and R atoms in  shown schematically in Fig. 10.
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