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We present a new member of the multiferroic oxides;MnCoGQOs, which we have investigated using X-
ray diffraction, neutron diffraction, specific heat, matiration, electric polarization, and dielectric constant
measurements. This material possesss dectric polarization strongly coupled tonet magnetization below
35 K, despite the antiferromagnetic ordering of ie= 3/2 Mn** and C&™ spins in ant]| configuration
along the c-direction. We discuss the magnetic order ingerha condensation of domain boundaries between
™ and]] ferromagnetic domains, with each domain boundary produamelectric polarization due to spatial
inversion symmetry breaking. In an applied magnetic fieeldbmain boundaries slide, controlling the size of
the magnetization, electric polarization, and magnettetecoupling.
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I. INTRODUCTION %VTP omain
Co Co %_t

Magneto-electric (ME) multiferroics are materials with lp
long-range electric and magnetic orddgnderstanding how Mn =
multiple order parameters coexist and couple is intergstin TP
and of itself. However, ME multiferroics also have poten- c $ $
tial applications to magnetic storage, novel circuits,sees, $ ¢ ‘J_) *—
microwave and high-power applicatioh® Achieving strong $ $ N : l"
ME coupling between net magnetization and net electric po- % f * *
larization is particularly important for applications. @ate TP

however, multiferroics are rare, and those with signifiddBt
coupling even more so. Transition-metal oxides have been a
tracting the most attention in this field recently due torthel orientations along the c-axis & — 4 K. Domain boundaries refer

atively high magnetic or(_jeri_ng temperatur.es and tendemcy tto the boundary betweent and|.]. Two scenarios (left and right)
form large electric polarizatiorfs> Those with the strongest  for the location of domain boundaries are shown, along witssible
ME coupling have complex spin textures that break spatialtesylting electric polarization®. In the a-b plane, an additional
inversion symmetry (SIS) and alter the lattice so as to g#aer sjow and incommensurate modulation of the spins occurs thath
an electric polarizatiofi.*3 The trouble is that many of these £ = (0.0223(8), 0.0098(7), 0.5)
complex spin textures don't produce any net magnetization,
which makes them more difficult to use for applications.
Here we present results on a new compoundMmnCoG;,
in which net magnetization and net electric polarization co
exist and couple at temperatures below 35 K. Thé'Co  These results are similar to those found inaCoQ;41°
S =3/2and Mrt* S = 1/2ions form Co-Mn-Co-Mn chains where 11].] magnetic order is also observed along chains
along the c-axis, with the magnetic ions located insideewern of alternating Co and Mn ions, with the difference that in
sharing oxygen octahedra. We find collingdr.| magnetic  CaMnCoQ; the C&* ion is in the S = 1/2 state rather
order at zero magnetic field along the Co-Mn chains, whichthan theS = 3/2 state, and the octahedra are edge-sharing
breaks spatial inversion symmetry and in turn creates an elerather than corner-sharing. The temperatures of the magnet
tric polarization. Applied magnetic fields create a net hys-electric coupling are also lower in @€nCoQ; (14 K instead
teretic ferromagnetic-like magnetization and the elegha-  of 35 K) and a higher magnetic field is required to suppress

It:IG. 1: Derivedtt]) Mn*" S = 3/2 and C" S = 3/2 spin

larization is suppressed above 1.2 T.



at200 °C until it formed a brown resin, whose organic matter
was subsequently decomposed 480 °C. The obtained
precursor powder was then treateck@d °C/60 h,900 °C/24
h, 1000 °C/24 h,1100 °C/96 h,1150 °C/96 h andl200 °C/48
h with intermediate gridings. The sample was then cooled at
42 °C/hr to room temperature.

The purity of the material was initially checked by conven-

@ Luss tional X-ray powder diffractometry (XRPD) in a Siemens D-
e 5000 diffractometer at room temperature using Guiédia-
@02 tion. Additional studies were carried out with high resadat

synchrotron X-ray powder diffraction (SXRPD) in the ID31
beamline § = 0.3994A) at the European Synchroton Re-

FIG. 2: Monoclinic crystal structure of LMnCoOs, showing the search Facility (ESRF) in Grenoble, France. For this pugpos

tilted oxygen octahedra surrounding alternating’Mr(dark blue) the samples were Iogded Ina boros_,lllcatg caplllaryt_( 0.3
and CS™ (light blue) ions. Yellow Lu ions are also shown. mm) and rotated during data collection. Rietveld refinement

were performed with the Fullprof program sulfeThe peak
shapes were described by a pseudo-Voigt function, the back-
ground was modeled with a 6-term polynomial, and in the fi-
nal steps of the refinement all atomic coordinates and ipmtro
temperature factors were included. lodometric titrativese
carried out to analyze the oxygen content of the materiag. Th
sample was dissolved in acidified Kl solutions and thgéen-
erated was titrated against a thiosulphate solution. Thaevh
process was carried out under an argon atmosphere. The gran-
ulometry of the sample was studied by Scanning Electron Mi-
croscopy (SEM), in a JEOL 6400 microscope.
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— - , Neutron diffraction measurements were made at the Na-
5 10 15 20 25 30 35 40 45 tional Institute of Standards and Technology Center for-Neu
20 (deg) tron Research (NCNR) on the BT1 High Resolution Powder

Diffractometer. The (311) reflection of Ge or Cu was used to
produce monochromatic neutron beams with wavelengths of
FIG. 3: Room temperature SXRPD patterns ofMnCoQ; and cor- A = 2.079 and1.540A, respectively. 15', 20', and 7’ collima-
responding Rietveld refinement. Key: Observed (dots),utaled ~ tors were used on the in-pile, monochromated, and diffcacte
(solid line) and difference (at the bottom) profiles. Thétimarks beams. The sample was loaded in a V can filled with He
indicate the positions of the allowed Bragg reflections. exchange gas and mounted in a closed-cycle He refrigerator
capable of cooling down to T = 4 K. Data were refined us-
ing the FullProf program suit¥, and the program k-searth
the electric polarization (10 T instead of 1.2 T). Thus owwne was used to help determine the propagation vector of the mag-
results on LyMnCoQ; bring us one step closer to practical netic order. Representational analysis to determine the sy
temperatures and magnetic fields, and suggest thatithe  metry allowed magnetic structures was performed using the
magnetic structure coupling to electric polarization canab programs Baslrep&and SARA!’ Quoted uncertainties rep-
wide-spread mechanism for coupling of net magnetism andesent one standard deviation.
electric polarization . Pressed pellet samples were used for all the measurements
described below.
DC magnetization measurements were made in a Quan-
Il. MATERIALSAND METHODS tum Design (QD) Vibration Sample Magnetometer (VSM) at
the National High Magnetic Field Laboratory (NHMFL) in
We Synthesized a po|ycrysta”ine Samp|e Of2|M_nCO(J5 Los AlamOS, NM in magnetic fields up to 13 T, with a DSM
by a nitrate decompositon method using -0y 1660 VSM in Spain, and with an extraction magnetoniéter
(Aldrich, 99.9%), Co(NQ).6H.O (Aldrich, 98%), and ina "short pulse” magnet (7 ms rise time, 100 ms total pulse
Mn(NOs),5H,0 (Aldrich, 98%) as starting materials. We time) upto 60 T at the NHMFL. AC magnetometry was mea-
performed numerous syntheses to obtain a pure sampfired in a QD AC superconducting quantum interference de-
because there is frequently a small quantity of@Qy. The  Vice (SQUID) for frequencies between 10 and 1000 Hz in an
procedure was as follows: L@; was first converted into applied oscillating magnetic field of 3x 10 T.
the corresponding nitrate by dissolution in 30% nitric acid  Specific heat” was measured by the relaxation method in
This product was then added to an aqueous solution in whice QD Physical Properties Measurement System (PPMS) for
stoichiometric amounts of Mn(N€;, - H,O and Co(NQ),-  temperatures down to 2 K and magnetic fields up to 13 T.
6H,0 were also dissolved. The resulting solution was heated The complex dielectric permittivity was measured with



TABLE [: Atomic positions after the Rietveld refinement ofeth HI. RESULTS

SXRPD pattern with a monoclinic symmetry (S.G:1A9 at room

temperature. The lattice parameters are= 5.1638(1)A, b = A. Crystal structurefrom X-ray diffraction

5.5467(1)A, ¢ = 7.4153(1)A and 8 = 89.665(1), with goodness

of fit indicators Ru, = 14.8, R, = 8.05, andx” = 1.87. The Both neutron and X-ray diffraction measurements show

estimated errors are in parentheses. that this sample is single phase and can be indexed in the
Atom x y z monoclinic space group R (see figure 2). The results of
Lu 0.5208(1) 0.5787(1) 0.2499(1) the iodometric titrations indicate that the sample has & ver
Co O 0.5 0 small oxygen deficiencysj of 0.02. Scanning electron mi-
Mn 0.5 0 0 crographs show that the morphology and microstructure of

O1 0.3841(16) 0.9585(17) 0.2411(16)
02  0.1971(20) 0.1957(25) -0.0575(15)
03  0.3228(18) 0.6953(21) -0.0593(14)

the sample consists of sintered particles with an average di
ameter¢gp ~ 2um. The room temperature SXRPD pattern
along with its refinement are shown in figure 3. Following
the structure determined for LINCoQ;2° and a model pro-
posed for ¥MnCoQ;,%%, the constraint of complete transi-
TABLE II: Mn-O and Co-O bond distances obtained from the roomtion metal cgt!onic ordering Wf"‘s imposed to this reﬁne.mem
temperature refinement. The valences determined from thd Ba- (Wyckoff positions 2c and 2b sites for the Mn and Co cations,

lence Sum (BVS) method are Co valence: +2.38 and Mn valence"@SPectively). However, as shown in the next section, our ne
+3.61. The estimated errors are in parentheses. tron diffraction data indicate that 9% mixing occurs betwee

the sites.

bond distanceA)

Co-0(1) 2.026(12) The cell parameters, atomic coordingtes, interatomic dis-
Co-0(2) 2.014(15) ta_mces_ and metal-O-metal angles (_Jlerlved from the X-ray
Co-0(3) 2.033(10) diffraction pattern are summarized in tables I, Il, and Ill.
Mn-O(1) 1.897(12) These values agree with those obtained from neutron scat-
Mn-O(2) 1.955(13) tering. From table | we see that the monoclinic anglés
Mn-O(3) 1.974(11) 89.665(1), indicating a nearly orthorhombic structure. The

Mn and Co cations are localized in corner-sharing octahe-
dral environments with three different Mn-O and Co-O dis-
tances, listed in table Il. The Co-O distances range from
a precision LCR-meter Quadtech model 1920 over the fre2.026 to 2.033&, indicating that the valence for the Co ions
quency and temperature rangeéHz < f < 106 Hz and ios likely 2+. The Mn-O distances range from 1.897 to 1.974
10K < T < 300K. A in the Mn-O octahedron, suggesting the presence dfMn

as expected by analogy with 4nCo0Q;.2° In addition, the

Dielectric measurements in magnetic fields up to 14Twer%harges of these two cations have been estimated using the
performed at various temperatures for frequencies betd@en Bond Valence Sum (BVS) methdd23 The calculated formal

kHz and 1 MHz. The sample used for these measurements,ances for Mn and Co are +3.61 and +2.38 res ;

. . . pectively, near
had an area of 26 mfrand a thickness of 0.8 mm. Gold was o ey hected values of Mi and C3+ for the fully ordered
deposited on the surfaces to ensure good electrical contact structure. In table Il we observe that the smaller radius of

Electric polarizationP as a function of magnetic fieldf ~ Lu compared to La in this structufedecreases the Co-O-Mn
was measured in pulsed magnetic fiélder P parallel and ~angles and thereby increases the octahedral distortidnshw
perpendiculartdi. Platinum contacts were sputtered onto thel turn likely reduces the effective magnetic interactitwes
samples with a cross-section area of 4 frand a thickness of Ween the Co and Mn. The Lu-O distances are also shorter
0.1 mm. The measured quantity is the magnetoelectric cuthan the La_-O distances. These results may explain thg lower
rent dP/dt, generated as charges are drawn from ground ontée ©f 43 K in Lu;MnCoQ; compared to thé". of 280 K in
the sample contacts to screen the sample’s changing electF&2MnCoGs.
polarization during the magnetic field pulseP/dit was mea-
sured using a Stanford Research 570 current to voltage ampli , , )
fier and then integrated to finNP(H) = P(H)— P(H = 0). B. Magnetic structurefrom powder neutron diffraction

Neutron diffraction data taken &t = 100 and 4 K in zero
magnetic field are shown in figure 4a and b, respectively. Data
at 100 K correspond to the crystal structure of the lattiog an
yield lattice parameters similar to those determined frbe t
X-ray diffraction results presented above. However, tifedi
ence in the neutron scattering lengths for Co and Mn allows
us to determine that the 2c sites are occupied by 91(2)% Co
and 9(2)% Mn, and that the 2d site are occupied by 94(2)%
Mn and 6(2)% Co. The "goodness of fit” indicators for figure

TABLE llI: Mn-O and Co-O angles obtained from the room temper
ature refinement. The estimated errors are in parentheses.

bond angle (deg)
Mn-O(1)-Co 141.8(5)
Mn-O(2)-Co 145.4(6)
Mn-O(3)-Co 142.9(4)
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FIG. 4: Elastic neutron diffraction data for polycrystadi Lui,MnCoGs at 100 K (a) and 4 K (b). The main panels show data taken with
A = 1.540A neutrons, while the inset to figure 4b shows data taken with 2.079A neutrons. Red circles are experimental data, and the
blue lines are fits to the data from Rietveld refinements. Jiakderneath the data indicate symmetry-allowed Bragdiposj and purple
lines beneath the ticks show the differences between tlzeadhat fits.

4a areR,,, =7.46% andy? = 0.75. Figure 4b shows data at

T = 4 K containing Bragg peaks from both the crystal struc-
ture and magnetic order. We determined the magnetic order
from the X = 2.079A data, part of which is shown in the in-
set to figure 4b, since the higher wavelength neutrons peovid
greater resolution at lower values of momentum trangfein
figure 4b we include tha = 1.540A data and its refinement
for easy comparison to figure 4a. After an exhaustive search A
we determined: = (0.0223(8),0.0098(7),0.5) as the prop- 157 o % 0.
agation vector of the AFM order. This vector is only slightly 0% 4 45T EO % 60 &
incommensurate in the andb directions, but the incommen- )

surability is necessary to fit all of the magnetic peaks. For

; ; ; : IG. 5: Total specific heaf’ vs temperaturd” at various magnetic
example, the magnetic peak shown in the inset to figure 4b |telds between 0 and 13 T for 5MnCoO, showing a magnetic or-

33.5" cannot be fit without allowing: to be incommensurate ering peak that broadens and evolves to higher tempesaitugp-
in both thea andb directions. The derived magnetic structure pjied magnetic fields.

is shown in figure 1 and consists of amn|/] type magnetic
order with magnetic moments of 2.56(i/}/Co and 2.56(7)
up/Mn pointed along the c-axis. We note that the moments
for the Co and Mn ions were not constrained to be equal dur-
ing the refinement. The "goodness of fit” indicators for the
inset to figure 4b ar&,,, = 4.65% andy? = 1.83. From our The specific heat data in figure 5 shows a peak consistent
fit we determine that any component of the spins in the a-lwith the onset of magnetic order below 43 K in a poly-
plane must be less than Qu} (the resolution of the measure- crystalline sample. In magnetic fields up to 13 T, this peak
ment). In addition to this, we see no magnetic Bragg peaks dfroadens and shifts to higher temperature.
the 00I position.s and_cannot complgteasensible refinement t Figure 6a shows the DC magnetization vs temperature
the data when including a moment in the a-b plane. M (T) measured on warming in a 0.1 T magnetic field, af-
ter either zero-field cooling (ZFC) or magnetic field cooling
(FC)inan 0.1 T magnetic field. Cooling was done from room

C (J/mol K)

C. Thermodynamic measurements
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FIG. 6: a) DC magnetizatiod/,. vs temperaturd’ measured on al —oT |
warming in a 0.1 T magnetic field after zero magnetic field oapl ) — 157
(ZFC) or magnetic field cooling (FC) from room temperaturekirk 6 —60T i
near 43 K (marked by an arrow) indicates the magnetic orgeran- -8 — : : :
sition. The inset shows the inverse magnetic suscepyitilit (7") -15 0 15 30 45 60
(magnetic-field-cooled, red), which is fit by the Curie-Véaislation ,uoH M

(straight blue line) fofl” > 150 K. This fit yields a Curie-Weiss tem-

perature of 58 K and a magnetic moment of p/&formula unit. b)  FIG. 7: Magnetic hysteresis loops measured in dc magnetitsfia)

AC susceptibilityy.. vs temperaturd™ at frequencies of~10, 100,  and pulsed magnetic fields (b) with maximum pulses of 5, 18 66

and 1000 Hz in an applied oscillating magnetic field of 3x40. T (see text). Thick arrows show the direction of the data. &rcive

The ordering peak near 43 K is independent of frequencycatiig ~ magnetic field of 1.21 T is observed in both data sets, and aetiag

long-range order. (1 emu = IG A m?) moment of~ 6 up is achieved by 0.5 K and 60 T, which would be
expected from the combined Mn S = 3/2 and CG+ S = 3/2
moments (neglecting orbital effects). Thin arrows indécatslight
plateau in the magnetization.

temperature. Note that this data is taken on polycrystllin

samples and thus represents an average of different diystal

directions. A kink is observed in the magnetization near 43ype behavior.

K and the ZFC and FC curves separate beto86 K with M(H) hysteresis curves are shown in Fig. 7a, at 2, 3,

the ZFC curve peaking at 20 K and then dropping to zeroand 4 K for magnetic fields up to 13 T. At 2 K, very sharp

Both the temperature at which the ZFC and FC curves segferromagnetic-like hysteresis is observed with a coentiag-

arate, and the peak near 20 K are dependent on the appliegtic field of 1.21 T. A plateau-like feature occurs between

magnetic field, shifting to 43 K and 27 K respectively, in 0.011.2 and 3 T, and is indicated with arrows. The plateau is

T. The inset to figure 6a shows the inverse susceptibility véemperature-dependent and is not seen in the 3 and 4 K data.

temperature with a fit to the Curie-Weiss law above 150 K.The magnetization does not fully saturate by 13 T; a moment

The fit results in a Curie-Weiss temperature of 58 K, surpris4.5up is achieved at 2 K and 13 T. Hysteresis curves to higher

ingly indicative of ferromagnetic interactions, and areefive =~ magnetic fields were measured in pulsed magnetic fields up

moment of 5.5.g/formula unit, which is roughly consistent to 60 T at the NHMFL, as shown in figure 7b. This pulsed

with one S = 3/2 Co** and oneS = 3/2 Mn** spin per  magnetic field data shows that the expected full moment of

formula unit. AC susceptibilityy,. data taken at- 10, 100, ~ 6upg/formula unit is achieved by 60 T and 0.5 K. The iden-

and 1,000 Hz as a function of temperature is shown in Figtical coercive magnetic field of 1.21 T is obtained, althoagh

6b. It shows a frequency-independent peak (within the rescthe fast time scales of these pulsed magnetic field datagthe r

lution of the experiment) at 43.5 K indicating that a traiosit ~ versal of the magnetization appears broader. The data shown

to long range magnetic order occurs. Below 35 K, the ac suss a combined plot of measurements from pulses with peak

ceptibility shows a small frequency-dependence indieadfv  magnetic fields of 5, 15, and 60 T. Since the measured quan-

slow spin dynamics. Though not shown here, the ZFC magneity in the extraction coil magnetometer idfd¢, the sudden

tization relaxes in the direction of the FC magnetizatiaeaf magnetization reversal at 1.21 T results in a very larygdt

application of a magnetic field by 0.Q4z in the first hour, signal that saturates the data acquisition system for theé 60

with a time constant of a few hours. The observed slow spirpulse. However, it is not useful to reduce the amplification o

dynamics are consistent with domain wall motion or spingjlas use a smaller sample in the 60 T pulse because a high sensitiv-



from the 60 T pulse only shown between 5 and 60 T.

Our semiconducting, polycrystalline samples of
LusMnCoQ; are slightly conductive at room tempera-
ture, making electric polarization and dielectric constan
measurements difficult. However, with decreasing tem-
perature the conductance decreases, reaching less than 0.1
pS below 100 K as measured with an Anderleen-Hagerlin
capacitance bridge.

The change in electric polarization with magnetic field
AP(H) was measured in pulsed magnetic fields up to 60 T
after electrically poling the sample by first cooling the sam
ple from 70 to 4 K in an electric field and then removing the
electric field and shorting the two sides of the sample before
measuring. Poling electric fields of 2 MV/m were used for
the data shown, and P(H) was found to be linear for pol-
ing electric fields between 0 and 2.5 MV/m. The measured
signal, d°(H)/dt, and the integrated\ P(H) are shown in
figure 8a,b. The measuredP is constant for magnetic fields
between 0 and 1.6 T (2.6 T below 1.5 K), then drops sud-
denly and continues to drop at a slow and continuous rate
up to 60 T (see inset). On the downsweep of the magnetic
field and on subsequedt P(H) measurements we observe
almost noH -dependence (the second shot after poling shows
2% of the originalAP(H), and subsequent shots show no
as a function of magnetic fiel for various temperatur@ during a resolvabIeA_P(H)). A Slg_nlflcantAP(H) can only be ob- .
rapid magnetic field pulse for the geomeﬁ%ﬁ. Before measuring gerve_d again after re—pollng. We interpret th's asa mqgnetl
dP/dt, the sample was poled by applying an electric field of 2 Mv/m field-inducedsuppressiomf most of the electric polarization.
in zero magnetic field while cooling from 70 K to the intendedan AP (H) was measured for botR parallel and perpendicular
suring temperature, at which point the electric field wasoesd and o / and the same results were found in these polycrystalline
both sides of the sample were shorted. Inset shows data U T0 6 samples. Data for both magnetic field directions at 4 K and up
forltP pafgf'};’}?)p;rfe“qicuéag L} ftit 4 Ktz wittrr\]a g ':/'V_/m ;OO#EQ_ to 60 T are shown in the inset to figure 8a. All the rest of the
votage. elermined by ntegrating the datain a). 1h€ 1" yata shown was measured with| . The inset to figure 8b
set showsP?(H = 0T) — P(H = 15T) as a function of temperature. shows the temperature dependencedt betweeny, i = 0

and 15 T. The onset dk P(H') occurs at~ 30 K.
The dielectric constantas a function o’ and H is shown

N
o

N
=)

-
o

dP/dt (mA/m?)

dP/dt (mA/m?)
& 5

FIG. 8: a) Measured change in electric polarization withetiaiP/d¢

13.24 . e in figure 9a for frequencies of 10 kHz and 1 MH&T") ex-
,‘.“""" ...,.J‘..mgﬁ@i hibits a broad peak near 35 K, which is the same temperature
N SESRPED® below which frequency dependence of the ac susceptibility
J2.94 , RS occurs, and\P(H) becomes finite. The peak in the dielec-
w & e tric constant is completely suppressed in an applied magnet
1264 o~ hwﬁmﬁ field of 14 T.
A
i P H=0T H=14T
£ 10kHz « o
12.34 1 MHz . s
0 20 40 60 80 IV. DISCUSSION
T(K)

We interpret our results as follows: below 43 K, long-range

FIG. 9: Influence of an external magnetic fielg{ I = 14 T)onthe ~ magnetic order sets in, as indicated by a significant kinkén t
temperature dependence of the dielectric consta(l;), measured magnetization and a peak in the specific heat. Below 35 K, an
at frequencies of 10 kHz and 1 MHz. electric polarization can be induced by poling in an electri

field and a peak in the dielectric constant appears (see Fig.

9). Neutron diffraction data at 4 K and, H = 0 identify a
ity is needed to precisely measure the data near the 60 T peédrroelectrictt].| configuration of spins along chains of alter-
magnetic field, where H/dt is smaller andV/ (H ) is also sat- natingS = 3/2 Mn** and S = 3/2 Co** spins along the
urating. Instead, we measured the magnetization reveitfal w c-axis (see Fig. 1). This spin configuration is likely the re-
smaller d{/dt pulses by reducing the peak magnetic field tosult of frustration between nearest-neighbor and nextasta
5and 15 T. In figure 7b, data for pulses with 5, 15, and 60 Theighbor magnetic exchange interactions with opposite, sig
peak magnetic fields are shown superimposed, with the dasimilar to CaMnCoQ;*15.



In the following we use the term "domain boundary” to re- below 35 K. An alternate explanation for the net hysteretic
fer to the boundary betweer and/| spins along the c-axis. magnetization in magnetic fields is that spins tilt out of the
Since there are two types of ions (Goand Mrit™), there are  axis. However this is less likely to fully explain the hyssis
also two types of domain walls: the ones centered ofif€o and slow relaxation of the magnetization.

Mn** bonds and the ones centered on“M+Co?* bonds. Although the coercive magnetic field for switching the
These different domain walls carry opposite electric gpéar  magnetization is 1.21 T and most of the electric polarizatio
tions because they break the local spatial inversion symymet is destroyed at 1.6 T, saturation magnetization is not @ech
in opposite ways. In other words, the ferromagnetic domainsgintil ~ 60 T, and the electric polarization continues to show a
walls carry an internal degree of freedom of electric paki  small decreasing contribution up to this magnetic field.sThi
tion due to the small structural distortions caused by thg-ma remanent electric polarization at high magnetic fieldskislyi
netostriction effects induced by the wall. This leads to thedue to the fact that the 9% Mn-Co site interchange determined
coupling between magnetism and ferroelectricity. In garti  from the neutron scattering data results in some Mn-Mn and
lar, a perfect™1|] phase can be thought of as a condensatiorCo-Co nearest neighbor pairs. In related compounds, Co-
of domain walls whose electric polarizations are allaldié  Co and Mn-Mn nearest neighbor superexchange interactions
the sample is cooled through its transition in an electridfie are antiferromagnetic, thus they would locally pin the doma

it stores a net electric polarization by inducing more dormsai boundaries between "up” and "down” regions of spins.

walls with one polarization than with the opposite. Thiscele Finally we should mention that LMnCoQ; is another

tric polarization is mostly destroyed in applied magnegtds  close relative of LuMnCoQ;.2° Confusion reigned in studies
above 1.5 T, with an additional small electric polarizafp@n-  of La,MnCoQ; for a long time due to the presence of mul-
sisting to 60 T. Once destroyed, the sample must be re-poleghle phases with different Mn and Co valences, as well as
(cooled again througl. in an electric field) to regenerate the Mn-Co site interchange. These problems resulted in differe
maximum electric polarization. magnetic ordering temperatures, saturated moments, &nd di

Note that the neutron diffraction data that identified theferent degrees of thermoelectric power. These structuosl-p
1) magnetic structure were taken in zero magnetic fieldems mostly ensued when the oxygen deficiehaas greater
and zero magnetic field-cooled conditions. In order to erpla than 0.02, allowing Cb" and Mr** to form, as well as from
how a non-zero magnetization can be consistent withtars ~ Mn-Co site interchange. In the case of our,MnCoG;, we
magnetic configuration, we suggest that in applied magnetigee only one magnetic phase and iodometric titrationsatelic
fields the domain walls slide apart due to the close proximthaté ~ 0.02. We do however see Co-Mn site interchange of
ity to a ferromagnetic instability. Thus the regionsfa$pins ~ about 9%, which could create local antiferromagnetic ater
become larger than the regionsjo§pins, where is defined  tions as discussed.
to be along the magnetic field direction, creating a net mag-
netization. As the domain walls become less dense, the elec-
tric polarization is also suppressed, consistent with aptae V. CONCLUSION
nation above. Commensurate configurations suchf@s/|
may lock in over a narrow range of magnetic fields, result- .
ing)i/n plateaus in the magnetizgtion. Ong plateau is obderve In summary, LyMnCoG; is a new member of the mul-

near 1/3 saturation magnetization at 2 K. While this scenari ?ferro:c (:)f'o.ltesi) sIhOWérégKn:ﬁgpgtlctordelr belo"\; ?jSt K, an(il
is consistent with our neutron diffraction, magnetizafigpe- ' 0€l€ClriCity below at1s strongly coupled o a né

cific heat, and electric polarization data, measuremenggnen magnetism. ANTTLL arrangement of the spins IN Z€ro mag-
gle crystals as well as neutron diffraction data in magneticp_et'Cf'eld_ bre_aks spatial inversion symmetry gnd induces-el
fields are needed to fully test this scenario. The field-abole tric polarlzathn. We. suggest that j[he domam_wglls between
magnetization data is consistent with pure ferromagnetic b T1 and | regions slide in an applied magnetic field due to

havior. Thus a close-in-energy ferromagnetic state catylik close proximity to a ferromagnetic instability, resultiirg
be accessed by magnetic field cooling net ferromagnetic-like magnetization with a coercive fietd

) ) ) 1.21 T. A magnetization of6 ug/formula unit is eventually
We note that the condensation of domain walls inthe,  e5ched by 60 T consistent with tise = 3,/2 spin for both

state leads to infinitely small domain walls and the domaing2+ and Mri+ ions. The electric polarization is strongly

themselves are as small as 7 Angstroms (the c-axis latticgppressed in magnetic fields above 1.6 T, consistent weth th

parameter). By contrast, conventional domain walls induce g|ectric polarization existing in magnetic domain wallgith
by dipole-dipole interaction in ferromagnets and multiéées 5, destroyed in applied magnetic fields.

can be tens to hundreds of nm wide with domains that can
be up to hundreds of mm wide. In LMnCoGQ;, the con-
densation of domain walls that leads to thi]| configura-
tion likely results from frustration between nearest anstne
nearest neighbor interactions. Consequently, in compatcs
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