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In a previous study, a long-time variation of magnetic structure was investigated in

a triangular lattice compound Ca3Co2O6 in zero magnetic field. In the present study,

magnetic field and time variation of magnetic structure have been studied by means of

magnetization and neutron scattering measurements. Magnetization curve shows multi-

step increase, which suggests the presence of successive transitions to different magnetic

structures. However, magnetic Bragg peaks corresponding to the long-period antiferro-

magnetic structure persist up to high magnetic field close to saturate magnetization.

After magnetic field is removed a diffuse magnetic signal due to short-range correlations

grows with time instead of the Bragg peaks due to the antiferromagnetic structure in the

initial state. A model to account for the magnetic field and time variation of magnetic

structure is presented.

1. Introduction

In a system without randomness or imperfections we had not expected to observe

a time variation of magnetic property within an attainable time scale. Contrary to all

expectations, a long-time variation of magnetic structure was found in a non-diluted uni-
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form magnet CeIr3Si2 by means of time-resolved neutron scattering measurements.1,2)

Subsequently, other materials which show long-time variation of magnetic structure

have been found.3) Among them Ca3Co2O6 showed a different kind of time variation

of magnetic structure from other materials in zero external field. In previous papers,

we presented the time-resolved neutron scattering study of Ca3Co2O6 in zero mag-

netic field.4,5) In the present study, we have investigated the time and magnetic field

variations of magnetic structure in Ca3Co2O6.

The magnetic properties of a geometrically frustrated triangular lattice magnet

Ca3Co2O6 have been extensively studied by several groups. We summarize the mag-

netic properties of Ca3Co2O6. This material crystallizes in a hexagonal structure (space

group R3̄c). It consists of spin chains with alternating face-sharing octahedral (Co I) and

trigonal prismatic (Co II) CoO6 polyhedra along the c-axis. These chains are arranged

in a triangular lattice in the a-b plane.6) The Co3+ ions on the Co I and Co II sites

have low-spin (S=0) and high-spin (S=2) states, respectively.7,8) Magnetic moments

on the Co II sites are strongly coupled ferromagnetically within the c-axis chains and

the adjacent Co chains on the triangular lattice are coupled by weak antiferromagnetic

interactions in the a-b plane.9) Ca3Co2O6 exhibits two magnetic transitions at Tc1=25

K and Tc2=13 K. It shows multi-step metamagnetic transitions in low magnetic field,

which suggest the existence of the competitions of magnetic interactions.10) Magnetiza-

tion measurements showed an easy-axis anisotropic behavior along the c-axis and the

saturation magnetization value was determined as 4.8 µB per formula unit.11–13)

Moyoshi and Motoya made a neutron diffraction measurements using a single crystal

sample and proposed a square-wave antiferromagnetic structure model.5) In this model

the amplitude of each magnetic moment is constant and these moments form a series of

/+++.....+++ /- - -.....- - -/+++.....+++/ arrangements along the c-axis. The bound-

aries of the + and - moment regions shift along the c-axis periodically to make three

kinds of chains as we proceed along the [1, -1, 0] direction. When the sample is rapidly

cooled below Tc2 the magnetic Bragg peaks at (1, 0, ±δ) move toward (1, 0, 0) with

time. At T=10.0 K the length of the magnetic unit cell along the c-axis continuously

increases from ∼1150 to ∼2300 Å with time. This continuous time variation in the

size of magnetic unit cell is quite different from those observed in other compounds, in

which the volume ratio of two different magnetic phases varies with time.

We note that a spin density wave (SDW) model in which the amplitude of magnetic

moments varies sinusoidally along the c-axis has been proposed and time dependent
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behavior of magnetic structure was investigated by the time-of-flight neutron diffrac-

tion measurements on a polycrystalline sample.14,15) Based on this SDW model, time

dependent behavior of magnetic structure has been investigated by neutron diffraction

measurements using a polycrystalline sample and the presence of slow magnetic transi-

tion from the SDW structure to a commensurate antiferromagnetic (CAFM) structure

has been reported.16) A more elaborate polarized-neutron experiment using a polycrys-

talline sample has determined the temperature dependence of the fraction of the SDW,

CAFM and short-range order phases for rapid and slow cooling rates.17) We will make

a remark about the presence of the SDW and CAFM phases in Sect. 4.

Neutron diffraction studies on a single crystal sample of Ca3Co2O6 in an applied

magnetic field have been reported.18,19) In these measurements scattering signals only

in the (h, k, 0) plane were measured and they ascribed the observed peaks to (1, 0, 0),

(2, 0, 0) and so on. Obviously, these signals are originated from the tails of the Bragg

peaks at (1, 0, ±δ) , (2, 0, ±δ) and so on. We will make a remark about the relation

between these results and the present measurements in Sect. 3.

Magnetization measurements showed that the magnetic transitions caused by the

application of magnetic field show time dependent and irreversible behavior.13) In order

to examine the time dependent properties in an applied magnetic field, we performed

neutron diffraction measurements utilizing a pulsed neutron spectrometer combined

with a pulsed magnetic field.20) In this experiment we detected a slow relaxation process

in magnetic structure caused by high magnetic field up to B = 6.0 T. The time variation

of the amplitude of magnetic Bragg peaks after the application of pulsed magnetic field

is quite similar to that of the previous results observed in other materials after the quick

change of temperature. However, due to insufficient Q resolution of the spectrometer

we could not detect the details of the structural change during and after the application

of magnetic field.

As stated above, magnetic moments are strongly coupled ferromagnetically within

the c-axis chains and the adjacent Co chains on the triangular lattice are coupled

by weak antiferromagnetic interactions in the a-b plane.9) We consider that a unique

magnetic structure in zero external field, a complicated magnetization process and

peculiar time variation of magnetic structure originate from the competition among

these magnetic interactions, together with the frustration in the triangular lattice.

In the present study, we explore the magnetic structural change during and after the

application of magnetic field utilizing a good Q-resolution neutron spectrometer. The
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format of this paper is as follows. In Sect. 2, the experimental procedure is described.

Experimental results and analysis are presented in Sect. 3. In Sect. 4, we discuss the

magnetic field and time dependent behavior of magnetic structure.

2. Experimental Procedure

Single crystal samples of Ca3Co2O6 were prepared by the flux method. A large

number of needle shaped single crystals were grown in a single process. The typical

size of each crystal is 1.5 mm in diameter × 10 mm in length. The c-axis direction

is nearly parallel to the needle axis. The mosaic spread of the crystals is ∼ 0.2◦ (full

width at half maximum, FWHM). In the middle of the neutron scattering experiment

one crystal (crystal #1), which was used in the previous experiment,5) was accidentally

broken. Therefore, another single crystal (crystal #2) obtained from the same batch

was used for the subsequent measurements. For the magnetization measurements, a

different piece of single crystal was used.

Most of the magnetization measurements were made using two kinds of supercon-

ducting quantum interference device (SQUID) magnetometers (Quantum Design model

MPMS-5.5T and MPMS-5T). For the magnetization measurements above B = 5.5 T, an

extraction type magnetometer (Quantum Design model PPMS-9T) was used. A mag-

netic field was applied parallel to the c-axis. Magnetization processes were measured at

T = 1.9 K with increasing and decreasing magnetic field up to B = 3.0, 5.5 and 9.0

T. The sample was heated above T = 30 K and cooled in zero external field to obtain

a demagnetized state before each measurement. Time variations of magnetization were

measured after the magnetic field was decreased to 0 T. Various combinations of the

temperature and the initial field were selected.

Neutron scattering experiments were conducted using a cold neutron triple-axis

spectrometer (CTAX) installed at the High Flux Isotope Reactor of Oak Ridge National

Laboratory. Magnetic field was applied by a horizontal-field superconducting magnet.

Measurements were carried out using pyrolytic graphite crystals for a monochromator

and an analyzer. An incident neutron wavelength of 3.01 Å and a horizontal beam

collimation of guide −40′ − 40′ − 120′ were used. The sample was mounted with the [0,

1, 0] direction vertical and the magnetic field was applied parallel to the c-axis. Because

of a narrow opening angle of the horizontal-field magnet, neutron scattering signals

were obtained within a limited region around the (1, 0, 0) reciprocal lattice point.

Magnetic field variations of the neutron scattering patterns were measured immedi-
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ately after reaching the target field. Therefore, possible time variation during and after

the change of magnetic field was ignored in these measurements. Time variations of the

neutron scattering patterns were measured after the field was decreased to 0 T. In these

measurements, the field was decreased in T = 2 K, then the sample was heated to the

target temperature. The time needed to reduce field from B = 6.0 T to 0 T was ∼ 40

min, and the time needed to heat the sample from T = 2 K to 10 K was ∼ 90 s. We

counted the elapsed time starting from the stabilization of sample temperature.

3. Results and Analysis

3.1 Magnetization measurements

Figure 1 shows the magnetic field dependence of the magnetization measured at T

= 1.9 K. Solid and open symbols are the data measured in the increasing and decreasing

processes, respectively. The data of the measurement up to B = 9.0 T were copied from

the previous paper.5) The data in the increasing processes up to B = 3.0 T and 5.5 T

are not shown because these are basically identical to the data of the increasing process

up to B = 9.0 T. Magnetization values and critical magnetic fields are different between

the increasing and decreasing field processes. In the increasing process, magnetization

curve shows metamagnetic transitions at Bc1 = 0.1 T, Bc2 = 1.2 T, Bc3 = 2.4 T, Bc4

= 3.6 T and Bc5 = 6.0 T. The saturation magnetization is ∼ 5.2 µB per formula unit.

In the decreasing process, metamagnetic transitions at Bc4 = 3.6 T and Bc5 = 6.0 T

were not observed. The observed magnetization process is consistent with the previous

reports.10−13) We notice that there exists appreciable time variation in magnetization

value in these measurements. The inset shows the time evolution of the magnetization

measured in B = 5.5 T. In this time variation measurement the magnetic field was

increased from B = 0 to 5.5 T in ∼ 6 min, whereas the time needed for the measurement

of the increasing process up to B = 5.5 T was ∼ 530 min. A slight increase of M with

decreasing B around B = 5 T observed in the decreasing process from B = 5.5 T

originates from the time variation.

Figure 2 shows the time variations of magnetization measured in B = 0 T after

decreasing magnetic field from B = 5.5, 5.0, 3.0 and 1.8 T at various temperatures. In

all measurements, the decrease of magnetization seems to consist of a fast and a slow

processes. To analyze the time variation we use a sum of two exponential functions,

M (t) = M∞ −Mf [1− exp (− t

t∗f
)]−Ms[1− exp (− t

t∗s
)] . (3.1)
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In this equation M∞ is the final value of magnetization, and Mf and Ms are the variance

included in the fast and slow processes, respectively. Two characteristic times t∗f and

t∗s correspond to the fast and slow processes, respectively. The dotted curves in Fig. 2

show the results of the least-squares fittings to Eq. (3.1). The good fittings support the

assumption of coexistence of two processes in this time variation.

Time variations observed after decreasing magnetic field from B = 1.8, 3.0, 5.0 and

5.5 T showed basically similar behavior. However, the time variations of magnetization

after decreasing from B = 0.6 T showed markedly different behavior. Figure 3 shows the

time variations of magnetization after decreasing field from B = 0.6 to 0 T measured

at various temperatures. At T = 1.9 and 2.5 K, the magnetization decreases with time.

However, at T = 3.0 and 4.0 K the magnetization decreases in a short time region,

while it turns to increase in a long time region. At T = 6.0 K the magnetization

increases with time in entire time region. These results suggest that the time variation

of magnetization after removing magnetic field consists of two components. The one is

a decrease of remnant magnetization and the other is an unknown component which

increases with time. The former, which itself consists of a fast and a slow processes, is

dominant when the magnetic field exceeds ∼ 1 T. The present measurements with B =

0.6 T showed that the fractions of two components change with temperature. For the

measurements at T = 3.0, 4.0 and 6.0 K, we extracted the characteristic time for the

latter component t∗inc by the least-squares fitting calculations. In this calculation, we

assumed that the time variation is expressed by a single exponential function, except

for a short time region. In Fig. 3, the arrows and curves show the lower limit used in

the fitting calculations and the results of the fittings, respectively.

Figure 4 shows the Arrhenius plot [ log (1/t∗) vs 1/T plot ] of the characteristic times

t∗f and t∗s for the variation of magnetization after removing magnetic field of B = 5.5 and

5.0 T. The characteristic time t∗inc for the increase component of the magnetization after

removing field of B = 0.6 T is also shown. As shown by the guide lines, the temperature

variations of t∗f and t∗s showed curious behavior. Below T ∼5 K each characteristic time

follows the Arrhenius law with nearly the same activation energy Ea/kB = 4 ± 1 K

as shown by the solid lines. Around T = 5 K slopes for two characteristic times show

abrupt change. The steep slopes above T ∼5 K shown by the dotted lines correspond

to the activation energy of Ea/kB = 70±10 K. The temperature variation of t∗inc for the

increase component measured after removing field of B = 0.6 T follows the Arrhenius

law with the activation energy Ea/kB = 8±2 K.
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The inset of Fig. 4 showsMs/M∞ andMf/M∞ as a function of temperature. We note

that Mf changes with the elapsed time before the stabilization of temperature because

of the rapid change of magnetization before the start of measurements. On the other

hand, Ms is less dependent on the variation of waiting time. Therefore, we consider that

the real increase of Mf at T = 5.75 K is much moderate. We speculate that the increase

of these quantities and the abrupt changes in the slopes of the Arrhenius plot at nearly

the same temperature are related to each other.

3.2 Neutron scattering measurements

3.2.1 Magnetic field and temperature variations

As will be described in 3 .2 .2 , neutron scattering pattern varies with time after the

change of magnetic field or temperature. The measurements shown in this subsection

were made immediately after the magnetic field or temperature reached the target value.

Therefore, we note that the scattering pattern, especially taken at high temperature,

should be interpreted as a snapshot at that time.

Figure 5 shows the neutron scattering patterns measured along the (1 0 l) recipro-

cal lattice line in various magnetic field at T = 1.9 K. The patterns in the upper (a)

and lower (b) frames show the data taken in increasing and decreasing field processes,

respectively. At the beginning in B = 0 T, two peaks were observed at the incommensu-

rate positions (1, 0, ±δ). With increasing field, the amplitude of these peaks decreases

and the signal becomes very weak at B = 6.0 T. These measurements were made with

the crystal #1, which was used in the previous neutron scattering study.5) We note that

the direction of the l is the opposite sign to the previous study. The difference in the

amplitude between two peaks is due to the difference in volume of the two different

domains in a twinned sample.5) The scattering patterns in the increasing process can

be fitted by a sum of two Gaussian functions centered at (1 0 δ) and (1 0 −δ). The

results of the fittings are shown by the curves in Fig. 5 (a).

On decreasing magnetic field a wider peak appears and the amplitude increases

with decreasing field. The scattering patterns in the decreasing process can be fitted

by a Gaussian function centered at (1, 0, 0). The results of the fittings are shown by

the curves in Fig. 5 (b). We name the magnetic phases corresponding to the neutron

scattering patterns observed in the increasing and decreasing processes AF1 and AF2

phases, respectively.

Figure 6 shows the magnetic field variations of (a) the integrated amplitude, (b) the
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peak position δ and (c) the width (FWHM) of the neutron scattering signals shown

in Fig. 5. In the increasing process, δ slightly decreases with increasing field and the

width is hardly distinguishable from the instrumental resolution width. In the decreasing

process, the width at B = 3.0 T corresponds to the magnetic correlation length ξ =

6.4×102Å. With decreasing magnetic field the width decreases and ξ grows to 1.7×103Å

at B = 0 T. The integrated amplitude in the decreasing process obtained from the (1,

0, l) scan is much smaller than that of the increasing process. However, as will be

shown later, the width along the (h, 0, 0) direction increases once high magnetic field

is applied.

The magnetic field variation of the integrated amplitude measuared along the (1 0 l)

line is similar to that of the peak intensity at (1, 0, 0) reported in the previous study.19)

However, we know that the peak intensity measured at (1, 0, 0) in ref. 19 should be

interpreted as only a part of neutron scattering signals falled within a resolution of the

spectromer. The ratio of the peak intensity at (1, 0, 0) to the total magnetic signal

varies with the vatiations of the width and δ. Therefore, we do not make quantitative

comparison between these results for the present.

Magnetization curves (Fig. 1) show clear multi-step increase atBc1,Bc2,Bc3,Bc4 and

Bc5, which suggest the presence of magnetic transitions to different magnetic structures

at these magnetic fields. On the other hand, the amplitude of the neutron scattering

signal corresponding to the magnetic structure in zero external field persists up to B ∼
5 T. These observations exclude a simple magnetic transition model in which a single

magnetic phase exists in each magnetic field region betweenBci andBci+1. Alternatively,

we examine another simple model. In this model we suppose the following:

(1) The system is composed of an antiferromagnetic (AF1) structure phase and a fer-

romagnetic (F) phase.

(2) The magnetic structure of the AF1 phase does not change in the increasing magnetic

field process.

(3) Magnetization is proportional to the volume fraction of the F phase.

(4) The initial increase of magnetization up toBc1 = 0.2 T is attributed to the alignment

of ferromagnetic domains which exists ∼ 15% even in zero external field.

On the basis of this model we calculated the neutron scattering amplitude. The solid

curve in Fig. 6 (a) shows the result of this calculation. The calculation fairly well fits

the observed one below B = 1.8 T. However, apparent deviation from the observed
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amplitude starts above B = 3.0 T. In this region, we need to introduce the third

magnetic phase having non-zero spontaneous magnetization.

Figure 7 shows the neutron scattering patterns along (a) the (1, 0, l) and (b) the

(h, 0, 0) reciprocal lines taken at various temperatures after the magnetic field of B = 6.0

T was removed. The measurements were made in the heating process after removing

magnetic field in T = 2.0 K. At T = 2.0 K a weak signal centered at (1, 0, 0) was

observed. With increasing T the amplitude increases up to T = 12.3 K. Above T = 14.1

K, the peak splits into two peaks centered at (1, 0, δ) and (1, 0, −δ). As T increases, δ

increases and finally the signal disappears at T = 29.1 K. The inset of Fig. 7 (a) shows

the temperature variation of δ. In this measurement, the crystal #2 was used. The

difference in the amplitude of two peaks is smaller compared with the patterns shown

in Fig. 5, which means that the volume difference of two kinds of crystal domains is

smaller in this sample. For the patterns along (h, 0, 0), the peak height decreases above

T = 14.3 K because of the splitting of the peak in the l direction.

Figure 8 shows the temperature variations of (a) the amplitude and (b) the width

(FWHM) of magnetic Bragg peaks around (1, 0, 0) shown in Fig. 7. The relative am-

plitude obtained from the (1, 0, l) and (h, 0, 0) scans are not normalized. In Fig. 8

(b), solid circles and open circles show the average widths of two Gaussian peaks and

the width of single Gaussian peak, respectively. At T = 2.0 K the magnetic correla-

tion length ξ along the l (c-axis) and h (a-axis) directions are 9.4×102Å and 27 Å,

respectively. Along the l direction ξ continuously increases with T as far as the signal

exists. On the other hand, ξ along the h direction increases up to the resolution limit

(ξ≥300Å) around T = 15 K and then decreases to 86 Å at T = 22 K.

3.2.2 Time variations

Time variation of neutron scattering patterns were measured after the magnetic

field was removed. Various combinations of the initial magnetic field and the measuring

temperature were used. In these measurements, the sample was heated above T = 30 K

and cooled down to T = 2.0 K before the application of magnetic field. Magnetization

measurements showed that the maximum magnetic field of the present holizontal-field

magnet B = 6.0 T is sufficient to achieve a sature state at T = 7.0 K but is insufficient

at T = 1.9 K. Therefore, for the measurements with initial magnetic field of B = 6.0

T the sample was momentarily heated up to T = 7.0 K in B = 6.0 T and cooled down

to T = 2.0 K in order to attain a fully saturate state.
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Figure 9 shows time variation of neutron scattering patterns measured in T = 5.5 K

taken along (a) the (1, 0, l) and (b) (h, 0, 0) reciprocal lines after changing magnetic field

from B = 6.0 to 0 T. The patterns measured at T = 2.0 K right after removing magnetic

field are also shown. The signal amplitude taken immediately after the temperature

reached 5.0 K (t = 4 min) is remarkably larger compared with that of 2.0 K and

it gradually increases with time. The patterns taken along the (1, 0, l) line are well

traced by a Gaussian function centered at (1, 0, 0). On the other hand, the patterns

taken along the (h, 0, 0) line are much wider and well traced by a squared Lorentzian

function. We determined the peak amplitude and the width by least-squares fittings to

these functions. The curves in Fig. 9 show the results of the fittings.

Figure 10 shows the time variations of the peak amplitude and the line width

(FWHM) of the neutron scattering patterns after changing magnetic field from B =

6.0 T to 0 T measured at various temperatures. The peak amplitude shown in (a) was

obtained from the scattering patterns along the (1, 0, l) line, which is basically same as

the one obtained from the pattern along the (h, 0, 0) line. The amplitude increases with

increasing temperature, and at each temperature it increases with time. We assume

that the time variation of the amplitude is expressed as

A(t) = A∞ − A1 exp(−
t

t∗a
) , (3.2)

where A∞, A1 and t∗a are the final amplitude, the total increase of amplitude and

the characteristic time for the time variation, respectively. By means of least-squares

fittings, we determined the parameters A∞, A1 and t∗a for each temperature. The curves

in Fig. 10 (a) are the results of the fittings. In the fitting calculations of T = 7.5 and

10.0 K, the first points in the measurements were excluded. We consider that large

deviation of these points originates from insufficient stability of sample temperature.

Time variations of the line widths measured along the (1, 0, l) and (h, 0, 0) lines are

shown in Fig. 10 (b) and (c), respectively. The width along the (1, 0, l) line is slightly

wider than the instrumental resolution width and almost independent of temperature

and time. On the other hand, the width along the (h, 0, 0) line is much wider and

decreases with time except for T = 2.0 K. We assume that the time variation of the

width along the (h, 0, 0) line is expressed as

W (t) = W∞ +W1 exp(−
t

t∗w
) , (3.3)

where W∞, W1 and t∗w are the final width, the total change of width and the charac-
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teristic time, respectively. These values were determined by least-squares fittings. The

curves in Fig. 10 (c) are the results of the fittings.

Figure 11 (a) shows the temperature variations of the magnetic correlation length

along the a (ξa) and c (ξc) directions measured after removing magnetic field of B =

6.0 T. The values of ξa were calculated from the time-averaged FWHM shown by the

horizontal lines in Fig. 10 (b), while ξc were calculated from W∞. In these calculations

the instrumental resolution width shown in Figs. 9 and 10 was included. Figure 11 (b)

shows the temperature variations of characteristic times t∗a and t∗w.

Time variation of the neutron scattering patterns after removing magnetic field of

B = 4.5 T is basically same as the case of B = 6.0 T. However, the time variation after

removing magnetic field of B = 3.0 T showed different behavior. Figure 12 shows time

variation of neutron scattering patterns measured in T = 7.4 K taken along (a) the

(1, 0, l) and (b) the (h, 0, 0) reciprocal lines after removing magnetic field of B = 3.0 T.

We note that these measurements were made with crystal #2, in which the difference of

volumes between two kinds of crystal domains is small. In a short elapsed time region

the patterns along the (1, 0, l) reciprocal line show two peaks at (1, 0, δ) and (1, 0, −δ),

which is similar to the scattering pattern observed in the field of B = 3.0 T. However,

with increasing time the distance of the peaks decreases and finally two peaks seems to

merge into a single peak. On the other hand, scattering patterns measured along the

(h, 0, 0) reciprocal line show the same characteristics to those observed after removing

field of B = 4.5 and 6.0 T.

The measurements after removing magnetic field of B=3.0 T were made also in T

= 3.1, 5.3 and 10.5 K. These results are basically same as that observed in T = 7.4

K. Figure 13 (a) shows the time variations of the amplitude of the signal measured at

various temperatures. Open symbols show the integrated amplitude measured along the

(1, 0, l) reciprocal line. Solid symbols show the peak height in the (h, 0, 0) scan, which

corresponds to the amplitude at l = 0 in the (1, 0, l) scan. At T = 7.4 K, the integrated

amplitude decreases rapidly with time in the short time region and then slowly increases

in the long time region. On the other hand, the peak height in the (h, 0, 0) scan shows

monotonous increase in all time region. These observations strongly suggest that the

scattering pattern observed after removing magnetic field of B = 3.0 T consists of two

components. One of them, which has two peaks at (1, 0, δ) and (1, 0, −δ), decreases

with time. The other is a diffuse peak centered at (1, 0, 0) and increases with time. We

consider that the scattering signal observed after removing field of B = 4.5 and 6.0 T
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consists only or mostly of the latter component.

We tried to separate these two components. However, reliable fitting calculations

could not be made because of insufficient instrumental resolution. Therefore, we deter-

mined only the change of the peak positions of the former component. We assume that

the pattern is expressed by a sum of two Gaussian functions as

S(l) = A1 exp

{
−
(
l + δ1
W1

)2
}
+A2 exp

{
−
(
l − δ2
W2

)2
}
+B.G. (3.4)

The amplitude (A1, A2), peak positions (δ1, δ2) and the width (W1, W2) of two Gaussian

components and the constant background (B.G.) were determined by the least-squares

fitting procedure. We expect considerable amount of errors in the amplitude and width.

However, we consider that the error in the peak positions caused by the diffuse peak is

not serious.

Figure 13 (b) shows the time variation of the average peak positions δ = (δ1+ δ2)/2

measured at various temperatures. At all temperatures δ gradually decreases with time

and converges a final value, which varies with temperature. The time variation of δ is

fairly well expressed by an exponential function as

δ(t) = δ∞ + δ1 exp(−
t

t∗δ
) . (3.6)

The curves in the figure show the results of the least-squares fittings.

Measurements after removing magnetic field of B = 1.8 T were also made. As was

shown in Fig. 5, the amplitude of the neutron scattering pattern observed in B = 1.8

T is smaller than that observed in the initial state in B = 0 T. However, the observed

pattern after removing magnetic field was indistinguishable from that of the initial

state. At T = 4.0 K the scattering pattern showed no appreciable time variation except

for a slight decrease of the amplitude by ∼ 1.4 % in 700 min. As shown in Fig. 2, the

remnant magnetization observed after removing magnetic field of B = 1.8 T is about

1/10 of that observed after removing magnetic field of B = 5.5 T. Assuming that the

amplitude of the AF2 signal is proportional to the irreversibility of the magnetization,

we can interpret that the weak signal centered at (1, 0, 0) is masked by the signals from

the AF1 phase centered at (1, 0, δ) and (1, 0, −δ).

Figure 14 shows the characteristic times t∗a, t
∗
w and t∗δ in the form of Arrhenius plot,

together with the characteristic times t∗f and t∗s for the magnetization shown in Fig. 4.

Values t∗a and t∗w are the characteristic times for the time variation of the amplitude and

the width of neutron scattering patterns observed after removing field of B = 6.0 T. The

12/??



J. Phys. Soc. Jpn.

value t∗δ is the characteristic time for the time variation of peak position δ of neutron

scattering patterns observed after removing field of B = 3.0 T. Two characteristic times

t∗a and t∗w follow the Arrhenius law with the same activation energy of Ea/kB = 14± 3

K. The characteristic time t∗δ is shorter than t∗a and t∗w at each temperature, however it

follows the Arrhenius law with the same activation energy of t∗a and t∗w.

4. Discussion

We have studied magnetic field and time variation behavior of magnetization and

neutron scattering patterns of Ca3Co2O6. Magnetization curves showed clear multi-step

increase at Bc1, Bc2, Bc3, Bc4 and Bc5, which suggests the presence of magnetic phase

transitions to different magnetic structures at these magnetic fields. On the other hand,

the amplitude of the neutron scattering signal corresponding to the AF1 structure in

zero magnetic field decreased with increasing magnetic field but it remained up to B ∼
5 T. This observation excludes a simple magnetic transition model in which a single

magnetic phase exists in a given magnetic field region between Bci and Bci+1.

Therefore, we examined another simple model in which the fractions of the AF1

and F regions vary as a function of external magnetic field. Based on the observed

neutron scattering pattern, we assumed that the magnetic structure of the AF1 phase

does not change up to B = 6 T. The neutron scattering amplitude of the AF1 phase

calculated from the magnetization value fairly well fits the observed one below B =

1.8 T. However, apparent deviation from the observed amplitude starts above B = 3

T, which indicates that we need a more elaborate model including more than three

magnetic phases. Non the less, we note that the present observation has clarified that

the long period AF1 structure formed in zero external field persists up to B ∼ 5 T.

Magnetization measurements showed that there exists a large amount of remnant

magnetization after the magnetic field of B ≥3.0 T was applied. The remnant magne-

tization slowly decreases with time, which suggests that the magnetic state gradually

returns to the initial state after the magnetic field is removed. On the other hand,

neutron scattering pattern observed after removal of magnetic field is quite different

from that observed in the initial state and does not even approach it with time at low

temperatures.

On the basis of the present measurements, we present a model of magnetic field and

time variations of magnetic structure in Ca3Co2O6. The variation of magnetic structure

proceeds in the following way as illustrated in Fig. 15. In Fig. 15 (b) ∼ (e), horizontal
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lines represent the chains of magnetic moments along the c-axis, in which the solid and

dotted parts show the ferromagnetically aligned regions of parallel and antiparallel to

the external magnetic field, respectively.

(1) When the sample is cooled below Tc2 = 13 K in zero magnetic field, the system

consists of AF1 and F domains as illustrated in Fig. 15 (b). Volume fractions of

AF1 and F domains are ∼ 0.85 and ∼ 0.15, respectively. The same volume fractions

of F domains pointing c and −c axes are mixed, which means that the system is in

a demagnetized state. Figure 15 (a) shows the AF1 structure in zero external field.

The shaded area represents a magnetic unit cell corresponding to the shaded area

in Fig. 15 (b). The length of the magnetic unit cell along the c-axis is ∼ 2300Å at

T = 10.5 K.2)

(2) On applying magnetic field, F domains gradually align along the field, which cor-

responds to the initial increase of magnetization. At B = 0.2 T, all the F domains

align along the field. Below B = 0.2 T, volume fractions of AF1 and F domains do

not change appreciably.

(3) On increasing magnetic field above B = 0.2 T, AF1 domains gradually change into

F domains which align along the field. Below B ∼ 1.8 T, whole sample volume

consists of F and AF1 domains [Fig. 15 (c)]. The shaded region in Fig. 15 (c) shows

the AF1 phase.

(4) Above B ∼ 1.8 T an unknown magnetic phase (U) appears in addition to the F and

AF1 phases [Fig. 15 (d)]. In the present measurements, no magnetic signal due to

the U phase has not been observed. We consider that the small size domains of the U

phase with short-range magnetic correlations exist near the boundaries between the

F and AF1 phases. To account for the the magnetization and the signal amplitude of

the AF1 phase, the U phase has a non-zero spontaneous magnetization smaller than

that of the F phase. The magnetic structure of the AF1 phase remain unchanged

up to B ∼ 6 T. AboveB = 8 T, the sample consists only of the F phase.

(5) On decreasing magnetic field from B = 6.0 T, a new magnetic phase (AF2) corre-

sponding to the diffuse magnetic scattering around (1, 0, 0) appears and the volume

of the AF2 phase increases with decreasing magnetic field. At zero magnetic field,

the volume of the AF2 phase increases with time [Fig. 15 (e)]. The shaded regions

in Fig. 15 (e) show the AF2 phase.
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(6) The magnetic structures of the AF1 and AF2 phases are close each other. The mag-

netic unit cell of the AF2 phase along the c direction is larger by several times than

that of the AF1 phase. More distinct difference in AF2 phase is the short correlation

length along the a-axis (ξa) and its large temperature variation as shown in Fig. 11

(a). In the AF1 phase, ξa and ξc show no appreciable temperature variation. We

note that the upper boundary of AF1 regions along [1, -1, 0] direction exists at

faraway outside of the illustration of (b)∼ (d).

We believe that most of the magnetic field and time variations behavior is reasonably

explained with this model. Now, we think about the difference between AF1 and AF2

phases. As was explored in the previous study, the magnetic structure of Ca3Co2O6

showed peculiar temperature and time variations in zero external field.5) The size of

the magnetic unit cell along the c direction cm=c/δ varies with temperature and time.

We consider that cm in the present triangular system is determined by the competition

of ferromagnetic interactions within chains and antiferromagnetic interactions between

triangular chains. Therefore, the temperature variation of these interactions causes the

variation of the magnetic period.

Similarly, we speculate that the selection of AF1 or AF2 phase must be mainly

determined by the previous magnetic state. When the sample is slowly cooled from

paramagnetic phase in zero magnetic field, the system goes to the true ground state,

which is the AF1 phase. On the other hand, when the magnetic field is removed from

the fully magnetized state at low temperatures the system follows a long way with many

energy barriers before reaching the AF1 phase. The energy barriers originate from the

subdivision of existing ferromagnetic chains. At low temperatures, a tentative stable

state is the AF2 phase, which has a larger cm and a shorter correlation length than

those in the AF1 phase are realized. However, when the temperature is increased AF2

phase rapidly moves to the AF1 phase as demonstrated in Fig. 7.

We consider that two parameters t∗a and t∗w represent the time scale for the subdi-

vision of existing ferromagnetic chains. Similarly, t∗δ represents the time scale for the

movement of boundaries of the + and - moment regions. We believe that the result

shown in Fig. 14 in which these parameters follow the Arrhenius law with the same

activation energy supports our speculation. Moreover, the scattering patterns after re-

moving magnetic field suddenly change toward the pattern of AF1 above T = 14.1 K

(Fig. 7). We consider that this temperature variation is caused by the rapid change in
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t∗δ around the temperature corresponding to Ea/kB.

As was shown in Fig. 14, characteristic times for the time variations of magnetization

and neutron scattering pattern showed different behavior. The decrease of remnant mag-

netization includes the fast and slow components, in which the fast component carries a

majority part. We consider that the decrease of remnant magnetization is mainly made

by the subdivision of ferromagnetic phase into small ferromagnetic domains pointing

different directions. Even in the early stage of time variation, the decrease of remnant

magnetization has been accomplished to a certain extent through the fast component.

In this stage, the creation of AF2 phase, which is governed by much longer characteristic

times t∗a and t∗w is slowly in progress. With this scenario, we can explain the different

behavior of characteristic times for the magnetization and neutron scattering pattern.

Finally, we make a remark about the presence of the spin density wave (SDW)

and the commensurate antiferromagnetic (CAFM) structures. As described in Sect.1,

the presence of slow magnetic transition from the SDW to CAFM structure has been

reported.16,17) We have searched a magnetic Bragg peak at (1/2, 1/2, 0) corresponding

to CAFM structure reported in ref. 16. When the sample was cooled to T=10.0 K,

a weak signal was observed and then the amplitude of this signal slowly increased.

After 10 hrs the amplitude of the Bragg peak at (1/2, 1/2, 0) reached ∼0.4 % of

the Bragg peaks at (1, 0,±δ). The observed amplitude at (1/2, 1/2, 0) in our single

crystal sample is ∼1/50 of the calculated value based on the reported powder neutron

diffraction measurements.16) The origin of the discrepancy between these results has

not been clarified.

Regarding the choice between the SDW and the square-wave structure, Moyoshi

and Motoya concluded that the magnetic structure is of the square-wave type.5) This

conclusion is based on the comparison of magnetic moment values of Co II ions. The

observed amplitude of magnetic Bragg peaks gives the magnetic moment of 5.3±0.2µB

for the square-wave structure. For the case of SDW structure the maximum amplitude

of magnetic moment is 6.5µB, which is much larger of Co3+ ions.
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Fig. 1. (Color online) Magnetization processes measured at T = 1.9 K. Solid and open symbols are

the data measured in the increasing and decreasing processes, respectively. The inset shows the time

evolution of the magnetization value measured in B = 5.5 T.
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of the fittings described in the text.
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temperatures. Solid and open symbols in (a) show the peak amplitude in (h, 0, 0) scanned the integrated

amplitude in (1, 0, l) scan, respectively. Curves in (a) are guides to the eye and curves in (b) represent

the results of the fittings as described in the text.
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Fig. 14. (Color online) Arrhenius plots of characteristic times t∗a, t
∗
w and t∗δ . Solid lines show the

slope corresponding to the activation energy of Ea/kB = 14 K. Two characteristic times t∗f and t∗s for

the time variation of magnetization are copied from Fig. 4.
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Fig. 15. (Color online) Illustration of magnetic field variation of magnetic state in Ca3Co2O6. Solid

and dotted lines in (b) ∼ (e) represent the ferromagnetically aligned regions parallel and antiparallel to

the field, respectively. Shaded areas in (b) ∼ (d) represent the AF1 and unknown (U) phases. Shaded

areas in (e) represent the AF2 phases.
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