PHYSICAL REVIEW B 70, 214434(2004)

Magnetic short-range order and reentrant-spin-glass-like behavior in CoCsO, and MnCr,0,
by means of neutron scattering and magnetization measurements

K. Tomiyasu* J. Fukunaga, and H. Suzuki
Department of Applied Physics, School of Science and Engineering, Waseda University, 3-4-1 Ohkubo, Shinjuku,
Tokyo 169-8555, Japan
(Received 25 July 2003; revised manuscript received 4 March 2004; published 30 December 2004

We reinvestigate the ferrimagnetic spiral ordering of the normal spinel ferrimagnets@oQiz =93 K)
and MnCpO, (Tc=51 K), in which magnetic C8 and Mrf* ions occupy theA sites and magnetic €fions
occupy theB sites, by neutron scattering experiments and magnetization measurements on single crystal
specimens. Neutron scattering experiments revealed that the fundamental reflections show coherent Bragg
peaks at all temperatures beldw, while the satellite reflections are diffusive even in the lowest temperature
phase belowTr (=13 K for CoCrO, and =14 K for MnCr,0O,). These facts indicate the simultaneous for-
mation of a long-range order of the ferrimagnetic component and of a short-range order of the spiral compo-
nent in the lowest temperature phase. The correlation length of the ferrimagnetic long-range order is estimated
to be larger than 50 nm beloW, while that of the spiral short-range order is estimated to be 3.1 nm at 8 K
for CoCrO, and 9.9 nm at 4 K for MnGO,. In magnetization measurements, a reentrant-spin-glass-like
behavior of the ferrimagnetic domains was found in the two chromites. In order to explain these magnetic
properties comprehensively, we propose the concept of “weak magnetic geometrical frustration;” magnetic
geometrical frustration among tiesites forming the pyrochlore lattice survives even if magnetic ions occupy
the other sublattice@ siteg. The weak magnetic geometrical frustration leads to the spiral short-range order.
Since the magnitude of magnetic moments of’Mions at theA sites(5ug spin-only valug s larger than that
of Co?* ions at theA sites(3ug spin-only valug, the degree of magnetic geometrical frustration amondgthe
sites in MnCgQO, is weaker than that in CogD,; therefore, the correlation length of the spiral component in
MnCr,O, (9.9 nm is larger than that in CoGD, (3.1 nm. The reentrant-spin-glass-like behavior of the
ferrimagnetic domains is caused by freezing and fluctuation of the spiral component.
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CoCrO, is a cubic normal spinel ferrimagnetT
=97 K), in which magnetic C# ions occupy thé sites and
magnetic C#* ions occupy theB sites! Menyuket al. inves-
tigated magnetic ordering beloW. by neutron diffraction
experiments and magnetization measurements on a powd

specimen and reported thg following res&ltelagnet!c order respectively. The cone angles experimentally obtained by
consists of a ferrimagnetic component and a spiral CompOMenyuket al. correspond to a value of 2.0t However, the

nent. The ferrimagnetic component exhibits long-range ordefimagnetic spiral long-range configuration in the region
at all temperatures beloWc while, as the temperature de- \yherey>1.298 was shown to be locally unstable with re-
creases belowg, the spiral component exhibits short-range spect to arbitrary small deviations of all the spin vectors
order afT;=86 K and the spiral short-range order transformsgrom their original directions. LKDM and Menyulet al.
into long-range order als=31 K. Figures 1a) and Xb)  themselves gave no other model reflecting the local instabil-
show the crystal structure and the ferrimagnetic spiral longity, and only commented that the ferrimagnetic spiral long-
range order belowWg, respectively. range order should be taken as a first approximation.
However, there are two objections to the Menyetkal. Second, Plumier suggested a possibility of ferrimagnetic
ferrimagnetic spiral long-range order beldw, which have  spiral short-range order beloWs by analyzing his neutron
been left untouched over the last 30 years. First, Lyonspowder diffraction data, though he did not mention whether
Kaplan, Dwight, and MenyukLKDM ) theoretically derived this short-range order was due to both magnetic components
that the Menyulket al. ferrimagnetic spiral long-range order or to only one of thent.The reason for this suggestion is that
is not a ground statke® Treating spins as classical vectors, the magnitude of magnetic moments could not be explained
the LKDM theory tried to solve the Heisenberg Hamiltonian within a long-range order modélThe experimental values
for a cubic normal spinel system. A solution of a ferrimag- were obtained as 1.2%3 for the C&* ion and 1.36% for
netic spiral long-range configuration was assumed, and thihe CE* ion# These values were too small compared to the
cone angles were calculated as a functionupfvhere the spin-only values of ag for both magnetic ion$.Neverthe-
parametewu is defined as less, no definitive data showing whether magnetic order is a

Here,J,g is an antiferromagnetic exchange integral between
the nearest-neighbor spins at theand B sites, Jgg is that
g?tween the nearest-neighbor spins at theBvgites, andS,
and S; are magnitudes of the spins at theand B sites,
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(@) normal spinel crystal structure to au value of 1.6, which again belongs to the locally un-
001] sFa.the region in the LKDM theor%l.l_:urthermore, thg inten-
sities of a group of satellite reflections corresponding to the
£B2 spiral component are too weak compared to those of the
/'17, fundamental reflections corresponding to the ferrimagnetic
[ component. The contradiction of the intensities, which is
S > identical to the inconsistency of the magnitude of magnetic
~ [010] moments within a framework of magnetic long-range order,
B1 were also pointed out by Plumitr.
: _ . In fact, these subjects of the local instability in the LKDM
[100] 2 ’;z::z E; theory and Plumier’s short-range order model have been re-

garded as irrelevant. Actually, Plumier speculated that the
ferrimagnetic spiral short-range order is derived by taking
into account more exchange integrals in the LKDM theory,
not by the local instability of the ferrimagnetic spiral long-

[001] range ordef.On the contrary, we expect that the local insta-
30° bility generates a magnetic short-range order in Gogand
32 In the present paper, we reinvestigate the ferrimagnetic

spiral order of CoGiO, and MnCpQO, by neutron scattering

(b) ferrimagnetic spiral order of CoCr204

A-sites Bl-sites B2-sites experiments and magnetization measurements on single

Co®* e cr crystal specimens. In Sec. Il, the experimental methods are
described. In Sec. Ill A 1, neutron data of CeQj reveal

(c) ferrimagnetic spiral order of MnCr204 that fundamental reflections are coherent Bragg reflections

cate that ferrimagnetic long-range order and spiral short-
range order coexist at 8 K. In Sec. Il A 2, the mean values
of cone angles of the ferrimagnetic spiral order of CAlr

at 8 K are obtained by analyzing the experimental intensity
of 21 satellite reflections. In Sec. Il B, it is found that mag-

FIG. 1. (@) SublatticesA, B1, andB2 in a chemical unit cell. netization of CoGO, behaves like reentrant-spin-glass
Atomic sites of oxygen ions are omittetb) Ferrimagnetic spiral  (RSG in CoCRO,. In Secs. 1l C and IlI D, neutron and
order of CoCs0, below T obtained in the previous neutron pow- Magnetization data of Mng®d, that are similar to those of
der diffraction experimentéRef. 1). The ferrimagnetic component COCRO, are reported. In Sec. IV Ay values in the LKDM
of spins is ferromagnetic in each sublattice, and points tq@he]  theory are estimated from the present cone angles and the
direction. The spiral component of spins is described by propagaspiral short-range order in the two chromites is discussed in
tion vectorQ=(0.62,0.62,0, and lies within the001) plane.(c)  the light of the local instability. In Sec. IV B, the RSG-like
Ferrimagnetic spiral order of Mngd, below Tg obtained in the  behavior of the ferrimagnetic domains is explained as com-
previous neutron powder diffraction experime(fef. 2. The fer-  ing from freezing and fluctuation of the spiral component. In
rimagnetic component of spins is ferromagnetic in each sublatticeSec. IV C, we propose the concept of weak magnetic geo-
and points to th¢110] direction. The spiral component of spins is metrical frustrationweak MGBH by combining the local in-
described by propagation vect@=(0.59,0.59,0, and lies within  stability with usual MGF, and comprehensively interpret the
the (110) plane. spiral short-range order in the two materials. The conclusions

are summarized in Sec. V.

long-range order or a short-range order have been obtained

_ while satellite reflections are diffusive at 8 K. Since the fer-
[110] 76° rimagnetic component is observed as fundamental reflections
E and the spiral component is observed as satellite reflections
é) - separately in neutron scattering experiments, the data indi-
242

A-sites B1-sites B2-sites

2 3
Mn“* cr’ cr

so far. , Il. EXPERIMENTS
On the other hand, the same problems are outstanding for
the similar cubic normal spinel ferrimagnet MnQy, in Single crystals of CoGO, and MnCrO, were prepared

which magnetic MA" ions occupyA sites and magnetic € by K. Kohn (Waseda University using the flux method.
ions occupyB sites? Hastingset al. performed neutron pow- Other single crystals grown in the same batches were ground
der diffraction experiments, and reported that magnetic ordeinto powder for x-ray diffraction experiments. No extra lines,
of MnCr,0, is also composed of a ferrimagnetic componentwhich could not be explained by the spinel structure, were
and a spiral component and the two components exhibiebserved in the x-ray powder diffraction patterns of the two
long-range orders belowTo=43 K and Tg=18 K, powder specimens at room temperature. Single crygals
respectively? The ferrimagnetic spiral long-range order be- and B (CoCrQ,), the size of which is about$6x4 and

low T is shown in Fig. {c). However, the cone angles lead 5x 3Xx 1 mn?, were used for neutron scattering experiments
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and magnetization measurements, respectively. Some other 10000 B 18 2 21 22 23
single crystals of CoGO, obtained from the same batch [
were previously studied by neutron scattering and magneto- [ @ fung:rgental :?SKO k|3
electric effect measuremerité. Single crystalsC and D o 8000 ]
(MnCr,O,4), the size of which is X2x2 and 1x1 2 i ;
x 1 mn?, were used for neutron scattering experiments and % 6000 [ Nuclear ]
magnetization measurements, respectively. = [ + ]
Neutron scattering experiments were performed on the 8 4% ¢ Magnetic ]

T1-1 triple axis spectrometer installed at a thermal guide of

JRR-3M, Tokai, Japan. The energy of the incident neutrons 2000 [

was fixed at 13.5 meV. A pyrolytic graphite filter efficiently [

eliminated higher-order contamination. The horizontal colli- 0r .

mator sequence was set to operi-20'-40' for measuring : ) ]
. . . . [ (b) satellite —e— 38K ]

the line profile of a fundamental and a satellite reflection X 220(-) —a— 150k [

[Figs. 13a), 13(b), and 16a)] and to open-4B40'-40" for

all the other scans. Single cryst@#lsandC were mounted on
the cold finger of a He flow cryostat or of a He closed-cycle
refrigerator.

Static magnetization measurements were performed in a
superconducting quantum interference device system at the
Materials Characterization Central Laboratory, Waseda Uni- :
versity, Japan. A magnetic field was applied to single crystals §

B andD along the[001] and[110] directions, which are the 11 12 183 14 15 16 17
easy axis of the ferrimagnetic component of Cgyrand Wave Vector hh0
that of MnCrO,, respectively.?

1000 F
[ resolution

Counts/2min

500

~~~~~~~~

FIG. 2. Neutron scattering data of CaQxy, obtained by scan-
ning along the[11Q] direction around the 220 reciprocal lattice
IIl. RESULTS point (@) and the 220-) reciprocal lattice poin{b) at 150 K (T

) ) - >Tc) and 8 K. In(b), the solid line is drawn by fitting the experi-
In the following sectionshkl stands for the peak position mental data at 8 K with a Lorentzian.

of the fundamental reflection at thekl reciprocal lattice

point (RLP), and hkl(x) symbolizes peak positions of the Il B. The line profile of the 220-) satellite reflection in the

satellite reflections at thbkl=Q RLPs. HereQ represents magnetic field is compared to that obtained without a mag-

the propagation vector of the spiral component, which is parnetic field in Fig. 3. Since the satellite reflection in the mag-

allel to the[110] direction. netic field is again diffusive, the spiral short-range order is
maintained even in the single ferrimagnetic domain state.
The linewidth « and the correlation length at 8 K in the

A. Neutron scattering experiments of CoCgO, magnetic field are estimated to be 0.0@Br/a unit) and
1. Magnetic reflections a8 K 3.5 nm, respectively.

Figure 2a) shows the line profile of the 220 fundamental 1200 e
reflections at 150 KT>T.)) and 8 K. At both temperatures, - 1
the 220 fundamental reflections are coherent Bragg reflec- 1000 |- :f__ﬁg?%ﬁe .
tions, indicating that the ferrimagnetic component exhibits i X ]
long-range ordet>50 nm, a resolution limit in the present ~ -E 800
experimentsat 8 K. Figure 2b) shows scan data around the g
220-) RLP at 150 and 8 K. The satellite reflection at 8 K is g 600
diffusive, meaning that the spiral component exhibits short- 3 400
range order at 8 K. The diffusive line profile is well fitted by Q
a Lorentzian, with a half width half maximugHWHM) « 200
value of 0.04327/a unit) after correction of the Cooper and : sbiiossei—1
Nathans’ resolution functiohThe correlation length of the ) P PPUTT TS PP PO PO PN T
spiral component is estimated to be 3.1 nm by taking the 1 11 12 13 14 15 16 17 18

inverse ofk.

We also recorded the line profile of the 220 satellite
reflection, studied at 8 K in a magnetic field of 3000 Oe after k|G 3. Neutron scattering line profiles of the satellite reflection
cooling in the same magnetic field. A single ferrimagneticof cocr,0,, studied at 8 K in a magnetic field of 3000 Oe and
domain state is expected to develop in the magnetic fieldyithout a magnetic field. The scattering intensity in the magnetic
because the magnitude of 3000 Oe is more than twice &geld is about three times the one without a magnetic field because
large as that of the coercive force at 8 K as shown in Seahe magnetic field produces a single ferrimagnetic domain state.

Wave Vector /140
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TABLE |. Experimental intensity and best-fit calculated inten-

sity of 21 satellite reflections of Cogd, at 8 K. The calculated [0o1] 28
intensity was obtained from the ferrimagnetic spiral model of Fig.
71°

hkl Experimental Calculated
A-sites B1-sites B2-sites

000(+) <31 32
220(—) 1000 872 FIG. 4. Mean ferrimagnetic spiral order of CgQy, estimated
220+) 533 466 by the present neutron scattering experiments.
440(—) <21 14
111(-) <95 3 3. Temperature dependence
111(+) <25 2 We measured the temperature dependence of the 111 fun-
331(—) <23 2 damental reflection and of the 220 satellite reflection. Fig-

ure 5 shows the temperature dependence of the integrated
331(+) <23 1
002 +) 599 628 intensity of the 111 fundamental reflection. As the tempera-

ture decreases below room temperature, the magnetic com-
222-) & 52 ponent of the fundamental reflection appeardat=93 K,
222+) 126 66 its intensity increases untifs=24 K and then slightly de-
442 -) 216 178 creases. This slight decrease means that the magnetic mo-
113-) 127 257 ments tilt only 1° further with decreasing the temperature
113+) 104 159 from Ts to 8 K.
333-) 60 97 In the whole temperature range of the present neutron
333+) 81 74 scattering experiments, the fundamental reflection was a co-
004+ 448 531 herent Bragg reflection. Hence, the ferrimagnetic component

A+) exhibits long-range order at all temperatures beligw

224-) 116 138 Figure 5 also shows the temperature dependence of the
22_4(+) <26 25 peak intensity of the 228) satellite reflection. The weak
220(+) 110 100 satellite reflection can be observed from 50 K onwards and,
040(+) 143 149 as the temperature decreases further, the peak intensity

gradually increases and almost saturateat 13 K.

The anomaly afl5 is not identical to a ferrimagnetic to

2. Mean values of cone angles of ferrimagnetic spiral order ~ f€fTimagnetic-spiral transition, because the tilt of only 1°

at8 K contradicts the mean values of the cone angles illustrated in
Fig. 4. Menyuket al. reported that the spiral short-range

In order to estimate mean values of cone angles, we mearder exists belowl,=86 K, far aboveTs.! In addition, the
sured the scattering intensity of 21 satellite reflections at 8 Kpresent result that the satellite reflection is too weak to be
without a magnetic field. Table | gives the experimental in-observed above 50 K implies that the spiral component fluc-
tensities. The intensity was calculated so as to fit the experiyates dynamically retaining the correlation abdve Note
mental values by varying the cone angles in a least squargRat all the above neutron data were studied by neugtas-
method on the basis of a long-range order model for simplictic scattering; only the spiral component fluctuating slower
ity. In the calculations, the Watson-Freeman magnetic formhan the energy resolution is observable as elastic scattering.
factors of the C&" and CF* ions were used, and the second-
ary extinction effect was ignored because the satellite reflec- 20000 [ttt —r—t—1—
tions were diffusive. The magnitudes of the magnetic mo- [
ments of the C& and CP* ions were assumed to be their
spin-only values of g, as in the Menyulet al. analysist
Although there are four propagation vectors along thElf)

and i[lTO] directions for the ferrimagnetic domain with

spontaneous magnetization along f@®1] direction! the
multiplicity of spiral clusters was not taken into account. The

15000 |
10000 F

5000 [

Intensity [arbitraty units]

reason is that scattering from many spiral clusters is resolved

in accordance with their propagation vectors in neutron scat- [

tering experiments on a single crystal. Actually, the positions 0

of the satellite reflections in Table | are described by only Temperature [K]

two propagation vectors along thd¢ 0] directions, sym-

bolized by(+) and(—). In this way, we obtained the best-fit  FIG. 5. Temperature dependence of the integrated intensity of
calculated intensity given in Table | and the mean values ofhe 111 fundamental reflection and temperature dependence of the
the cone angles shown in Fig. 4. peak intensity of the 228) satellite reflection of CoGO,.
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FIG. 6. Temperature dependencesasf CoCrO,, where propa- 4
gation vectorQ=(4, 8,0).

: . . o (b)
The dynamics of the spiral component is more quantitatively

investigated by inelastic neutron scattering in the later para-
graphs.

Figure 6 shows the temperature dependencé, afhere
Q=(4,46,0). As the temperature decreases, the peak position
of the 22Q-) satellite reflection slightly shifts towards the
origin 000 in the reciprocal lattice space. The valuedof
linearly extrapolated to 0 K, is 0.616. The period of the spi- [ ]
ral order is incommensurate with the lattice periodicity. P S T N S

Neither extra commensurate peaks w&h2/3 nor any 0 20 40 60 80 100
incommensurate-commensurate transition dfaround T, Temperature [K]
=12.5 K, reported by Plumiérand Funahashét al.® were
observed. Therefore, the origin of the anomalyTatdiffers FIG. 7. (a) Temperature dependence of the linewidth of the sat-
from that of the transition af,, and the value off only ellite reflection of CoCGyO, after correction of the Cooper and
happens to be very close to that®f In contrast, the present Nathans’ resolution functio(Ref. 7). (b) Temperature dependence
value of 0.616 is consistent with Menyuk’s value of 0%62. of th_e correlatiqn Iengt_h of the spiral ‘component. The values are
No evidence of such a magnetic transition arodfipdwhich ~ ©Ptained by taking the inverse of the linewidth.
is accompanied with a change of magnetic symmetry, was
also found in the magnetoelectric effect measurements olinewidth is estimated by a Gaussian fit for simplicity. As the
single crystals after cooling in electric and magnetic fieldstemperature decreases, the linewidth becomes small and falls
applied simultaneousf/With regard to the discrepancy on within the statistical error of-10 GHz atTg=18 K.
whether the spiral order is incommensurate or commensurate Although the energy spectrum line is quasielagtiot
with the lattice periodicity, Dwight and Menyuk suggested elastig aboveTyg, the satellite reflection does not mean the
that the commensurate spiral order is caused by some defecpin wave of the ferrimagnetic component. If the scattering
because only the incommensurate spiral order could be thefrom the spin wave causes the satellite reflection, two peaks
retically derived® According to their report8,the present showing the dispersion relation of the spin wave should be
sample includes less defects than those of Memtul and  detected around the 226 RLP by a constant-energy scan of
of Kanekoet al® inelastic scattering experiments. Figure 9 shows a constant-

Figure T1a) shows the temperature dependence of the lineenergy-scan data of the 220 satellite reflection at 60 K.
width « of the 22@-) satellite reflection. As the temperature The energy transfer is fixed at 3 and 6 meV. No spin-wave
decreases, the linewidth gradually decreases and becompsaks are detected in both data. Therefore, the incommensu-
almost constant alg. Figure 7{b) shows the temperature rate component is identified by the spiral component and not
dependence of the correlation length of the spiral componerihe spin wave.
¢=1/k. As the temperature decreases, the valug, efhich
is about 0.8 nm at 50 K, increases and almost saturates
around 3.1 nm afp.

Figure 8a) shows energy spectra at the 22DRLP at 35 Figure 10 shows the temperature dependence of magneti-
and 8 K. The spectrum line at 35 K is broader than the resozation studied after zero field coolifn@FC) and field cool-
lution measured by using a vanadium standard sample, whilgg (FC). A magnetic field of 100 Oe was applied. The FC
the spectrum line at 8 K is as sharp as the resolution. Theurve shows an anomaly arouiid, similar to the Menyuk
temperature dependence of the linewidth of the spectrum linet al. datal However, the ZFC curve, which has not been
after correction of the resolution is shown in Fighg The reported so far, does not follow the same path as the FC

Correlation length [nm|

B. Magnetization measurements of CoCGO,
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100[Oe] FC
100[0e] ZFC

Magnetization [EMU/g]

1.5 N -
100 A T, . i
° 0.5 X Ao T -
-100 L L = . JR/ Te ¥
-1000 -500 0 500 1000 0 L Al
Energy [GHz] 0 50 100 150
Temperature [K]
800 —r—r—r— ——T T
[ FIG. 10. Temperature dependence of magnetization of &Cr
L (b) ] studied both after zero field coolifgFC) and field cooling FC). A
= %0r ] magnetic field of 100 Oe was applied.
S
E 400 L ] data and coercive force data. Figure 11 shows initial magne-
T I tization curves at several temperatures after ZFC. The initial
= i | magnetization readily responds to the applied magnetic field
© 200 7 for temperatures abovE,, but requires a larger field at lower
[ temperature. In particular, at 5 @ < Tg), it hardly increases
ol o v below 1700 Oe. Figure 12 shows the temperature depen-
0 20 40 60 80 100 dence of the coercive force. As the temperature decreases,
Temperature [K] the coercive force begins to increase dramatically frign
and the slope becomes steepefat
FIG. 8. (a) Energy spectra of Co@D, measured at the 22) Thus, the response of the ferrimagnetic domains becomes

reciprocal lattice point at 35 and 8 K. The contribution of the inco- harder to the applied magnetic field & Ts, and T with
herent scattering is subtracted from the raw data. Both data ardecreasing temperature.

fitted by a Gaussian for simplicityb) Temperature dependence of

the linewidth with respect to enerdgfrequency after correction of

the resolution.

Note that 1 meV=240 GHz.

C. Neutron scattering experiments of MNCr,O4

The line profiles of magnetic reflections of MnCx, are

curve like in RSG. As the temperature decreases, the ZFGery similar to those of CoGO,. Figure 13a) shows the line
curve splits from the FC one beloW, abruptly falls below  profiles of the 220 fundamental reflections at 6GTK>Tc)

Tg, and finally saturates &t The anomaly als andTe on  and 4 K. Both reflections are coherent Bragg reflections,
the ZFC curve was also confirmed in initial magnetizationmeaning that the ferrimagnetic component exhibits |ong_

range ordef>50 nm belowT.. Figure 13b) shows the line

70 T T 1 T T profile of the 220-) satellite reflection at 4 K and scan data
—— 3 meV
60 | .
"-a=-6 mev I k 8 T T T T T
g or 7 w gayditt]
= = gusmevIse
S wf . S .
2 = +
g s } - = +
5 siat : T
Doop ittt 1 3 .
% 5 ++
10 | . 0 + 5K
5 .« 10K <'F4
0 N EFEPEP PP BPETE BRI B § x;S&
0.8 1 12 14 16 18 . 22 K >Ts
Wave Vector #h0 L
0 500 1000 1500 2000 2500 3000
FIG. 9. Constant-energy scan of CgOy measured around the Magnetic Field [Oe]

220(-) reciprocal lattice point at 60 K. The energy transfer is fixed
at 3 and 6 meV. The quasielastic scattering is still observed at FIG. 11. Initial magnetization curves of Cof, studied at sev-
3 meV and no appreciable peak is observed at 6 meV.

eral temperatures.
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2000 T T T T TABLE Il. Experimental intensity and best-fit calculated inten-
sity of satellite reflections of MnGO, at 4 K. The calculated in-
= tensity is obtained from the ferrimagnetic spiral model of Fig. 14.
o 1500 f -
g hkl Experimental Calculated
Yo
£ 1000 | - 000(+) <50 0
v 220-) 1000 978
2 220(+) 489 524
g 500 - 44
S a-) <30 1
111(—) <37 38
0 Soeteseecy ] 111(+) <37 29
0 10 20 30 40 50 002 +) 301 323
Temperature [K] 222-) 155 119
FIG. 12. Temperature dependence of the coercive force of 13-) 108 104
CoCrO,. 113+) 158 78
333-) <37 56

along the[11Q] direction around the 226) RLP at 30 K
(T>Tg). The satellite reflection is diffusive at 4 K, indicat-
ing that the spiral component exhibits short-range order alg 9 nm on average at 4 K.

4 K as that of CoGiO,. The diffusive line profile is also The propagation vector of the spiral componénts es-

described by a Lorentzian. The only difference frommateq'to bg0.626+0.009,0.626+0.009)@nd is indepen-
CoCrO, is that the HWHM of the scattering function of the yent of the temperature within statistical uncertainties in the

present experiments. On the other hand, Dwigtdl., Hast-

satellite reflectionx is estimated to be 0.01@®7/a unit),
iving the correlation length of the spiral componeft

T — ings et al, and Plumier reported the values (6£64,0.64,0,
[ ] (0.59,0.59,p, and (%,%,O) by neutron powder diffraction,
(@) fundamental 4K | ] respectively*® The Dwightet al. value of (0.64,0.64,0 is
800 220 —— 60K ; . s . .
[ ] consistent with the present value within the resolution width.
2 600 k h The Hastingset al. value 0f(0.59,0.59,pis also compatible
o nuclear ) with the present value because the resolution of scattering
§ < s :etic 1 angle is estimated to be about 0.5°, which gives a value of
g 400 I g ] (0.59+0.05,0.59+0.05)0 by considering the linewidth of
[ Bragg reflections in the Hastings al. neutron powder dif-
200 [ nuclear fraction experiment$. Although Plumier's commensurate
[ value of (3,3,0) disagrees with the present value, it would
0 185 19 195 2 205 21 215 appear that the commensurate spiral order is caused by some
’ " Wave Vector k0 defects as mentioned for CofQ in Sec. IlI A'3.8 N
Table Il gives the experimental scattering intensities of 11
1200 e satellite reflections at 4 K. Mean values of cone angles at
[ (b) satellite ] 4 K were estimated from these intensities on the same as-
1000 | ——4k |1 . . g
i 220() ——30k sumption of CoCjO, in Sec. Il A 2 except that the magni-
£ soo : 1 tude of the magnetic moment of Mhions was fixed at its
g : 1 spin-only value of g. The best-fit calculated intensities and
% 600 F resolution b the mean values of the cone angles are given in Table Il and
= [ ] Fig. 14, respectively.
é 400 | Figure 15 shows the temperature dependences of the in-
- tegrated intensity of the 111 fundamental reflection and of
200

FIG. 13. Neutron scattering data of MnfQy; obtained by scan-
ning along the[11Q] direction around the 220 reciprocal lattice A-sites B1-sites
point at 60 K(T>Tc) and 4 K(a) and around the 228) reciprocal
lattice point at 30 K(T>Tg) and 4 K(b). In (b), the solid line is FIG. 14. Mean ferrimagnetic spiral order of MnQx, estimated
drawn by fitting the experimental data at 4 K with a Lorentzian. by the present neutron scattering experiments.
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FIG. 15. Temperature dependences of the integrated intensity of
the 111 fundamental reflection and of the peak intensity of the
22Q(-) satellite reflection.

the peak intensity of the 220) satellite reflection. As the
temperature decreases below room temperature, the magnetic
component of the fundamental reflection appearsTat
=51 K, and gradually increases beloV. No slight de-
crease belowlg reported for CoGiO, (Fig. 5) is observed
within statistical uncertainties. The weak satellite reflection
is observed from around 20 K, and the intensity of the sat-
ellite reflection rapidly increases with decreasing temperature

Intensity |arbitrary units]

FWHM [GHz|
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FIG. 17. (a) Energy spectra of MnGO, measured at the
220(-) reciprocal lattice point at 17 and 5 K. The contribution of
the incoherent scattering is subtracted from the raw data. Both data
are simply fitted by a Lorentziartb) Temperature dependence of
the linewidth of the energy spectra without the correction of
resolution.

Figures 16a) and 16b) show the temperature depen-
dences of the HWHM of the satellite reflectianand of the
correlation length of the spiral componeéit1/«, respec-
tively. As the temperature decreases, the value décreases
towardsTg and slightly increases around 0.02s/a unit)
below Tg. The value of¢ is estimated to around 3 nm at
18 K, increases toward$g, and slightly decreases around
12 nm belowTr when decreasing the temperature.

Figure 17a) shows energy spectra at the 220RLP at
17 and 5 K. The spectrum line studied at 17 K is broader
than that studied at 5 K. The linewidth of the two energy
spectra is sharper than that measured by using incoherent
scattering from a vanadium standard sample because the sat-
ellite reflection is barely diffusive in th& space(almost
coherent Bragg scatteringds noted by Cooper and Nathans,
only the section of a resolution ellipsoid &=0 is observed
for coherent Bragg scattering, while the projection on an
energy axis of a resolution ellipsoid of &l is observed for
incoherent scattering Figure 17b) shows the temperature
dependence of the linewidth of the energy spectra. The line-

FIG. 16. (a) Temperature dependence of the linewidth of the Width is simply estimated by a Lorentzian fit without correc-
satellite reflection of MnGIO, after correction of the Cooper and tion of the resolution because the experimental measure-
Nathans resolution functio(Ref. 7). (b) Temperature dependence ments of the incoherent scattering from a vanadium standard
of the correlation length of the spiral component. The values arssample cannot be used for the correction of the energy reso-

obtained by taking the inverse of the linewidth.

lution as mentioned above. However, it is indisputable that
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B‘Lu 20 |- |
g
S 5} i IV. DISCUSSION
~
g o \ | A. Ferrimagnetic long-range order and spiral short-range
g order below T
= s5L i
The present neutron scattering experiments revealed that
0 1 L 1 the ferrimagnetic long-range order and the spiral short-range
0 50 100 150 200 order coexist belowl in CoCr,0, and MnCgQ,. The cor-
Magnetic Field [Oe] relation length of the ferrimagnetic order is larger than a

resolution limit of 50 nm, while that of the spiral order of

FIG. 18. (a) Temperature dependence of magnetization OfCoCr204 and MnCpO, is estimated to around 3.1 and
MnCr,O, studied both after zero field coolifng@FC) and field cool- 9.9 nm belowTy, respectively. Therefore, we can depict the
ing (FC). A magnetic field of 50 Oe was applieth) Magnetic field  gopematic picture Fig. 20, in which many spiral clusters rep-

dependence of the value G- resented by differen®s are distributed in a single ferrimag-

netic domain. In CoGO,, there are the four spiral propaga-

fion vectors along the [#10] and #110] directions for an
easy axis along th¢001] direction! Such coexistence is
compatible with the fact that signals in magnetoelectric ef-
fect measurements of Co, change their sign when the
direction of the magnetic or electric field is reversed during
magnetoelectric coolingIn MnCr,0,, there are two spiral

the linewidth decreases with decreasing temperature and e
hibits anomaly affg= 14 K. The value ofTg is equal to that
of Tg in MnCr,O, within statistical uncertainties.

D. Magnetization measurements of MnCgO,

Magnetization of MnCjO, also exhibits RSG-like behav-
ior and anomaly afl; and Tg=Tg. Figure 18a) shows the @
temperature dependence of magnetization of Mg stud-

\/
ied after zero field cooling and field cooling. A magnetic field AGV'A'h
/)

of 50 Oe was applied. As the temperature decreases, the F ’ b

curve abruptly uprises af, is almost constant below, 9 ‘l
=45 K, and exhibits a small kink afs=16 K. However, qk “n
the ZFC curve, which has not been reported so far, does no Q'A‘nvr
trace the same path as the FC curve. As the temperatur_ _ . _ - .
decreases, the ZFC curve splits from the FC one befpw F‘?rr:'msgnet'c dc’.mi'/“ 001 Ferrimagnetic domain _

=45 K, abruptly falls below around 20 K, and slowly de- with the easy axis /7 [001] with the easy axis /7 [110]

scends belowTg(50 Og=12 K. The value ofTg(H) in- FIG. 20. Schematic of the coexistence of the spiral clusters with

creases with decreasing magnetic fielénd is extrapolated different Qs in a ferrimagnetic domaift>50 nm of: CoCrLO, (a)

to 14 K at 0 OgfFig. 18b)], which corresponds to the value and of MnCgO, (b). In (a) the mean size of the spiral clusters is

of Tr obtained by neutron scattering without a magneticestimated to be 3.1 nm. The symbols 1, 2, 3, and 4 stand for the

field. four Qs along the[110], -[110], [110], and £110] directions, re-
Figure 19 shows the temperature dependence of the coegpectively. In(b), the mean size of the spiral clusters is estimated to

cive force of MnCgO,. The coercive force increases below be 9.9 nm. The symbols 1 and 2 mean the @®along the[110]

T'S:TF_ and -{110] directions, respectively.
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propagation vectors along th¢ 110] directions for an easy sion of the increase of the correlation length are also ob-

axis along thd110] direction? served afTg=Te=14 K [Figs. 17b) and 16b)]. From the
We also estimated the mean values of the cone angles §1@logy between the ZFC curve of magnetization and the
the ferrimagnetic spiral order of Cof, and MnCgO,, il- satellite reflection in the neutron data, the RSG-like behavior

lustrated in Figs. 4 and 14. The present cone angles are giff the ferrimagnetic domains is due to the spiral component
ferent from the previous ones shown in Figgb)land Xc). and not to the ferrimagnetic component itself. The growth of
The reason is most likely that the constraint of the LKDM the spiral component n_1akes the freezing of the ferri_magnetic
theory was released in the present calculations. The previomains harder; freezing and fluctuation of the spiral com-
cone angles were obtained by selecting a set which best fifPnent cause the RSG-like behavior of the ferrimagnetic do-
their neutron powder diffraction pattern, only from the setsM&ins. , ,
derived from the LKDM theory:? Since the LKDM theory The foIIOW|_n_g facts are unresolved at t_h|s stage and
assumed only the ferrimagnetic spiral long-range configuraShould be clarified in the futurél) The correlation length of
tion as a solution and only two nearest-neighbor exchang&©CROa still increases while that of MnGD, s/llghtly de-
integrals Jas and Jgg,2 the present cone angles would be creases below. (2) Although the anomaly afs and Tg is
derived by taking into account solutions of magnetic shortCl€arly separated in Cog,, the anomaly is indistinctive in
range order and more exchange integrals betweer tite MnCr,O,4. The precise correctpn of the resolution to’energy
and theB site, theB site and theB site, and theA site and the ~ SPectra probably leads to the different but near valugsoA
A site in addition toJag andJag. detailed scan of the satellite reflection over (kee) space is
The u value cannot be strictly defined from the presentn€eded(3) The anomaly affs=24 K on the FC curve of
cone angles owing to the absence of the constraints of th@agnetization of CoGO, shown in Fig. 10 was already re-
LKDM theory. In spite of this, we transform the three cone Ported by Menyulet al,” and was identified by Dwight and
angles into three values by using the results of the LKDM Menyuk as the spiral phase ordering in the sense that the
theory and take the average of the threeu values for each  differences among the spiral phases of theBl, andB2
material, in order to discuss the local instability of the ferri- Sublattices are fixetlIn addition, we found, using neutron
magnetic spiral long-range order in some way. The conscattering, that the integrated intensity of the 111 fundamen-
angles atA sites,B1 sites, andB2 sites of CoCjO, corre- tal reflection slightly decreases beldw, which we interpret
spond tou=2.9, 1.4, and 1.7, respectively. Hence, the valug?S the slight tilt of 1% with respect to the cone angles. The
of (u)=2.0, which belongs to the locally unstable region in€lation between these two facts, the spiral phase ordering
the LKDM theory and is equal to the previous values and the slight tilt of the cone angles, is unknown.
obtained. The cone anglesatB1, andB2 sites of MnCsO,
giveu=1.8, 1.8, and 0.96, respectively. These values lead to C. Magnetic geometrical frustration
the value of{uy=1.5, which again belongs to the locally

unstable region and is close to the previous value of1.6. . . : .
. " MnCr,0O, was explained to arise from the local instability of
Therefore, we conclude that the local instability prevents th(%he ftzarr?magneti?: spiral long-range configuration inythe

spiral component from exhibiting long-range order and gen-

. in Cam; LKDM theory. On the other hand, thB sites in both the
erates the spiral short-range order in rand MnCxO;. materials form the pyrochlore lattice, which causes antiferro-

magnetic short-range order signaling magnetic geometrical
frustration (MGF) in many systems, such as ZnOQOy,

By measuring the ZFC curve of magnetization, it wasZnF&0O,, Ho,Ti,O;, Y(SoMn,, and so ort®* Therefore,
found that the ferrimagnetic domains in CgQOj and we tentatively interpret the spiral short-range order in the
MnCr,O, stepwise freeze &k, Tg, and T when decreasing two chromites as a kind of MGF in this section.
temperature. However, the fundamental reflection corre- One problem is the fact that magnetic ions occupyAhe
sponding to the ferrimagnetic component exhibits nosites(Co?* and Mrf") besides thd sites(Cr**) in CoCrLO,
anomaly at these temperatures. The anomaly is rather oland MnCrO,. It has been believed that MGF among e
served in the measurements of the satellite reflection corresites is completely suppressed by the presence of magnetic
sponding to the spiral component. In the neutron data ofons on the other sublatticq®\ sites. Actually, magnetic
CoCr0O,, the satellite reflection can be observed at 50 K,ions are located only on th8 sites in the above MGF
which is consistent with the Menyuét al. report that the systems%'4 Anderson also proposed the concept of MGF
spiral short-range order appearsTat=86 K.! The fluctua- for only normal spinel systems where magnetic ions occupy
tion reflecting on the linewidth of the energy spectra fallsthe B sites®> On the contrary, we surmise that the effect of
within ~10 GHz belowTg=18 K [Fig. 8b)]. The increase MGF still survives in CoGyO, and MnCpO,, if the ex-
of the correlation length is suppressed around 3.1 nm belowhange interaction between the sites and theB sites is
Te=13 K [Fig. 7(b)]. In the neutron data of Mn@D,, no  smaller than that among tlgesites. We call the phenomenon
satellite reflection is detected within statistical uncertaintiesweak magnetic geometrical frustratioiiveak MGBH and
above 20 K, which is compatible with the fact that the split- distinguish it from the usual MGF.
ting of the ZFC curve from the FC curve is still small be-  Since the degree of MGF in Cof, and MnCkO, is
tween the splitting poinf;=45 K and around 20 KFig. = weaker than that in the usual MGF systems, the ferrimag-
18(@)]. The slowing down of the fluctuation and a suppres-netic component exhibits long-range order in the two sys-

In Sec. IV A, the spiral short-range order in CeOy, and

B. Temperature dependence
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Locally “”Sltlab'e region that the spiral component exhibits short-range order even
belowTg. The correlation length of the ferrimagnetic order is

Ferrimagnetic spiral
long-range, order

larger than a resolution limit of 50 nm, while that of the

Neel

0 L 8/9\ 1298 15 4o  infinity spiral order belowTg in CoCrLO, and MnCpO, is 3.1 nm
f f f > (8 K) and 9.9 nm(4 K) on average, respectively.
MnCra0,4 CoCri0,  ZnCr0, The mean values of the cone angles belfwillustrated
Fes04 ZnFe;0, in Figs. 4 and 14 were estimated by analyzing the experi-

FIG. 21. The relation between the paramateaand the type of merlltal 'nten‘:'llty of Sate”'tei reflecycz)nos.f ThCe greosent dcone
magnetism. Materials are those in cubic phases. MGF means “magnd/es give the average values(aj=2.0 for CoCgO, an
netic geometrical frustration.” of (uy=1.5 for MnCrO,. Both the values belong to the lo-
cally unstable region of the ferrimagnetic spiral long-range

tems. However, the growth of the spiral component to long-configuration in the LKDM theory.
range order is prevented owing to the weak MGF, and the Magnetization measurements on single crystals of
spiral component exhibits short-range order. The coexistenceoCrO, and MnCsO, were also performed. The ferrimag-
of the long-range order and the short-range order charactepetic domains behave as in RSG.
izes the weak MGF of CoGD, and MnCO,. The above results on spiral short-range order, local insta-
The degree of MGF in MnGO, should be weak than that bility, and RSG-like behavior are related as follows. Since
in CoCrO,4 because the magnitude of magnetic moments othe ferrimagnetic spiral long-range configuration is locally
Mn?* ions atA sites(5ug spin-only valugis larger than that unstable, the spiral component exhibits short-range order.
of Co?* ions atA sites (3ug spin-only valug. The larger The freezing and the fluctuation of the spiral component
magnetic moments & sites generate a stronger exchangebring about the RSG-like behavior of the ferrimagnetic do-
interaction betweei sites andB sites and must weaken the mains.
degree of MGF among sites. Therefore, the correlation | addition, we proposed the concept of weak magnetic
length of the spiral component in Mn{, (=9.9 nm is  geometrical frustratiotweak MGB and classified the origin
larger than that in CoGO, (=3.1 nm). of the local instability into usual MGF and weak MGF. The
The parameteu in the LKDM theory is useful for quan- \eak MGF causes the spiral short-range order befew
tifying the degree of MGF. Figure 21 shows the magnetiSmsjnce the magnitude of magnetic moments ofions atA
of cubic normal spinel systems roughly described by the Pasjtes(5ug spin-only valug is larger than that of G6 ions at
rameteru. The usual MGF corresponds to the case= gjtag(3,, spin-only valug, the degree of MGF among the
becausez =0 andS, =0. As the value ofi decreases below B sites in MnCgO, is weakened compared to that in
=, weak MGF occurs untii=1.298. The present systems of CoCr0Oy; therefore, the correlation length of the spiral com-

\?VOCIEZCI\DA“G(éug:iZ'? ?Ed antCtEOtz;ﬂ;O;):lIB) bf:\?lgg tg tihe ponent in MNC;0,4 (9.9 nm is larger than that in CoGD,
cea €gion. The fact that they value o 62 15 (3.1 nm. The (u) value in the LKDM theory is useful for

small compared to that of Co&d, is consistent with the g . ,
obinion that the dearee of MGE in Mn is weaker than quantifying the degree of MGF and is estimated to 2.0 for
P 9 2, CoCrQO, and to 1.5 for MnCyO,.

hat i . B 1.2 he ferri [
that in CoCg0;. Between 1.298 and 8/9, the ferrimagnetic A subject of future research is to search for other weak

spiral long-range configuration setsi@ielow 8/9, the mag- MGF systems and to compare the data with the present data

netism is described by the Néel long-range configuration. .
Magnetization of CoGO, and MnCsO, behaves like on CoCr0O, and MnCrQ,. In particular, the weak MGF sys-
tem with a larger{u) value is interesting because tKe)

RSG, while the usual MGF system shows no SG-like behav- - )
ior such as ZnF,.1 Although both the MGF system and values of 2.0 and 1.5 for the present chromlte§ are quite close
the weak MGF system would possess many degenerated g} the critical value of 1.298. We would also Ilke_to empha-
nearly degenerated ground states, the energy structure of s§Z€ that the concept of weak MGF can be applied not only
lutions in the weak MGF system would be more complexto the _chromlte spinel systems b_ut also to many other_sys-
than in the MGF system, i.e., there are probably comple}emsi mcludlng a pyrochlore Iatt|(_:e or a trlgngglar lattice.
barriers of potential energy between the ground states, Whicﬁu_rther experimental and theoretical investigations are re-
lead to the freezing of the spiral component and the RsGAuired to develop the concept of the weak MGF.

like behavior of the ferrimagnetic domains.
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