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Influence of Anisotropy Constant on Writability
in Heated-Dot Magnetic Recording

T. Kobayashi, Y. Nakatani®, and I. Tagawa™
Graduate School of Engineering, Mie Univ., 1677 Kurimamachiya-cho, Tsu 614-8507, Japan
*Graduate School of Informatics and Engineering, Univ. of Electro-Communications, 1-5-1 Chofugaoka, Chofu 182-8585, Japan
“Electrical and Electronic Engineering, Tohoku Institute of Technology, 35-1 Yagivama-Kasumicho, Sendai 982-8577, Japan

We discuss the influence of the anisotropy constant on writability, taking account of 10 years of archiving and
adjacent track interference in 4 Tbpsi shingled heated-dot magnetic recording (HDMR), using our stochastic
calculation employing the Néel-Arrhenius model with a Stoner-Wohlfarth dot. The bit error rate is calculated and the
result is analyzed using the mean magnetization reversal number per unit time as a function of the writing time. We
confirm the stochastic calculation result by employing a micromagnetic simulation. HDMR has a certain margin for
erasure-after-write, since half of the writing time determined by field is for the magnetic dot and the rest is for the
nonmagnetic spacing. HDMR also has a certain margin for the dot aspect ratio, since the dot is relatively large.
Therefore, the combination of a small anisotropy constant and a large dot volume can be used to improve write-error.
When we choose a small anisotropy constant, the mean magnetization reversal number per unit time in the opposite
direction to the recording direction is negligible. Furthermore, the writing time determined by medium is longer.

Therefore, the bit error rate caused by write-error is low for a small anisotropy constant.

Key words: HDMR, 10 years of archiving, ATI, dot height, bit error rate, anisotropy constant ratio

1. Introduction

Many magnetic recording methods have been
proposed to solve the trilemma problem? of conventional
magnetic recording (CMR) on granular media. These
methods include shingled magnetic recording (SMR),
microwave-assisted magnetic recording (MAMR), heat-
assisted magnetic recording (HAMR), bit patterned
media (BPM), heated-dot magnetic recording (HDMR),
namely HAMR on BPM, and three-dimensional
magnetic recording (3D MR).

The challenges to be faced when designing MR media
are
(1) information stability during 10 years of archiving,
known as the K,V /(kT) problem?, where K,, V, k, and
T are, respectively, the grain or dot anisotropy constant,
volume, the Boltzmann constant, and temperature,

(2) information stability in an adjacent track (AT) during
writing, known as the adjacent track interference (ATT)
problem, and

(3) the writing field dependence of the bit error rate
(bER), namely writability.

Akagi et al reported (3) the recording performance of
HDMR? and 3D HDMR34 employing micromagnetic
simulation. They assumed the medium material to be
FePt. However, the K, value was smaller than that of
bulk FePt.

The above three challenges, namely (1), (2), and (3),
must be dealt with simultaneously, since they are in a
trade-off relationship. If a small K, value is chosen, the
information stabilities in (1) and (2) will be worse.

Corresponding author: T. Kobayashi (e-mail: kobayasi
@phen.mie-u.ac.jp).

In this paper, we discuss the influence of K, on (3)
writability, taking account of (1) 10 years of archiving
and (2) ATI in 4 Tbpsi shingled HDMR, using our
stochastic calculation employing the Néel-Arrhenius
model with a Stoner-Wohlfarth dot. We confirm the
stochastic  calculation result by employing a
micromagnetic simulation. Our calculation is applicable
to all three challenges® including SMR and CMR. The
anisotropy constant ratio K,/Kpuk  Which we
introduced®b?, is used instead of K. The K,/Kpux value
is the intrinsic ratio of the medium K, to the bulk FePt
K,. Therefore, it becomes easy to grasp the ratio to the
bulk K,. If we employ K,/Kyux We can choose a
reasonable K, value for the medium. For example,
although we can choose a K, value of 60 Merg/cm? at
300 K for a medium with a T, value of 750 K since the
K./Kpux value is less than 1.0, that of 70 Merg/cm?
cannot be selected since the K,/Kpu value exceeds 1.0
as reported in a previous paper?.

2. Calculation Conditions and Method

2.1 Dot arrangement and medium structure

Figure 1 shows the dot arrangement and medium
structure in 4 Tbpsi HDMR where D,, D), and h are
the dot sizes for the down-track x and cross-track y
directions, and the dot height, respectively. The 2z
direction is film normal. The bit length Dg and track
width Dy are both 12.7 nm. We assume that the mean
dot size D, and mean dot spacing Ap are the same for
both the down-track and cross-track directions, namely
Dy, = Ap =6.35 nm.

There are two cases as regards the dot sizes D, and
D, depending on the dot manufacturing method. In one
case, the D, and D, sizes are the same, and the D, =
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Fig. 1 Dot arrangement and medium structure.

D, size fluctuates. In the other case, the D, and D,
sizes fluctuate independently. We examined the D, = D,
case, since the bER is larger for the same h value®. We
generated a random number D, =D, that had a log-
normal distribution with a standard deviation op. We
used a op/Dy, value of 15 %.

2.2 Magnetic properties

The temperature dependence of the medium
magnetization M; was calculated by employing mean
field analysis?, and that of the K, value was assumed
to be proportional to M210, My (T. = 770K, T =300K) =
1000 emu /cm?® was assumed for FePt. Based on this
assumption, the Mg value can be calculated for all
values of T, and T.

K, (T. =770 K, K, /Kpuik = 1,T = 300K) = 70 Merg/cm?
was assumed for bulk FePt. Using this assumption, we
can calculate K, for all values of T., K,/Kpux, and T.
No intrinsic distribution of K, was assumed. However,
there was a fluctuation in K, caused by T, variation.

Since each dot has a T, variation, the T, value of each
dot was adjusted by changing the Cu composition ¢ for
(FeosPtos)1-cCue.

With a T. value of 750 K and a K, /Kpuc value of 0.8,
in this work we obtain a K, value of 51 Merg/cm3 and
an anisotropy field Hy of 107 kOe at a readout
temperature of 330 K employing mean field analysis.

2.3 Temperature profile and writing field
The writing temperature T, for the dot was assumed
to be

Ty = Tem + 3071, (1

as shown in Fig. 1, taking account of the T, variation,
where T., and op. are the mean Curie temperature
and the standard deviation of T, respectively. The T,
distribution was assumed to be normal. Based on this
assumption, 99.9 % of dots in the writing track are
heated to above their T, values during the writing

period. We used T, and or./T., values of 750 K and
2 %, respectively.

For simplicity, we used a thermal gradient 9T /dy of
14 K/nm in the cross-track direction and assumed it to
be constant anywhere for ATI. A constant 9T /dx value
of 14 K/nm in the down-track direction was also used for
writability.

The writing field H, was assumed to be spatially
uniform, the direction to be perpendicular to the medium
plane, and the rise time to be zero.

2.4 Stochastic calculation method

The information stability for 10 years of archiving has
been discussed employing the Néel-Arrhenius model
with a Stoner-Wohlfarth grain or dot. The attempt
period 1/f, has a value of picoseconds for FePt in heat-
assisted magnetic recording. Since the magnetization
direction attempts to reverse with a certain probability
at each attempt period, the information stability for 10
years of archiving is extrapolated as a stack of
phenomena in picoseconds. Therefore, the Néel-
Arrhenius model is valid for any time from the order of
a picosecond to more than 10 years. The Néel-Arrhenius
model is also valid under the condition that the writing
field is less than the anisotropy field of recording media.
Not only in ATI but in writability, the anisotropy field is
larger than the writing field during most of the writing
time, since the anisotropy field of FePt is extremely large.
In HAMR including HDMR, stochastic magnetization
switching under thermal agitation is dominant even for
writability. Therefore, we have also applied the Néel-
Arrhenius model to phenomena with a short time, and
examined ATI&1D and writability?.

The three challenges, 10 years of archiving, ATI, and
writability, must be dealt with simultaneously.
Therefore, in this paper we discuss the influence of K,
on writability for HDMR, taking account of 10 years of
archiving and ATI. The results for 10 years of archiving®
and ATI®1D have already been reported. The criterion
determining whether or not information is stable after
10 years of archiving and AT writing was assumed to be
a bER of 103,

We improved our stochastic calculation for writability.
We first took the shape anisotropy reported in a previous
paper!? into account. The magnetostatic field from
surrounding dots was ignored since the Ap value is
large. Then we modified the attempt frequency f, as
described below.

We assumed f, as

3
£ =Xa MsHyerV 1_( |Hw|cos¢g )2 <1+
« " 14a2,| 2mkT (Ku/Kpui) Hconst

|Hy|cos¢
(Ku/Kpun)H const)’ @

taking account of an approximation!®, where y, @, Hyeg,
|Hy|, and ¢ are the gyromagnetic ratio, Gilbert
damping constant, effective anisotropy field, writing
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field magnitude, and writing field angle, respectively.
We used y and a values of 1.76x107 Oels! and 0.1,
respectively. When ¢ = 180 deg, the magnetization
reverses in the recording direction and we defined f, as
fo—. When ¢ = 0, the magnetization reverses in the
opposite direction to the recording direction and we
defined f, as f,;. We introduced (K,/Kpui)Hconst
(Heonst = 75 kOe) instead of Hyg so that the f, value
becomes zero at T..

The mean magnetization reversal number N per unit
time is expressed as

N = f, exp(—Kp), 3)

employing the Néel-Arrhenius model, where K; is the
thermal stability factor. The f, value gives an attempt
number per unit time for magnetization reversal, and
the Boltzmann factor exp(—Kg) is interpreted as the
probability of magnetization reversal.

When ¢ = 180 deg, namely the magnetization
reversal in the recording direction, Kz and N are given
by

Kﬁ— =0 for |Hw| = erffv

_ KuertV (1 _ [Hul)*
K- =—=%r (1 erff> for |Hy| < Hyerr, an(d)
4
N_ = fu exp(—Kg_), (5)

respectively, where K. 1s the effective anisotropy
constant. And when ¢ = 0, namely the magnetization
reversal in the opposite direction to the recording
direction, Kz and N are given by

_ KyerfV [Hwl 2
Kﬁ‘*‘ = k—T 1+ m ) and (6)
Ny = for eXp(_K;H), )

Table 1 Calculation conditions.

Recording density (Tbpsi) 4
Bit length Dy (nm) 12.7
Track width D (nm) 12.7
Mean dot size D, (nm) 6.35
Standard deviation o, / D, (%) 15
Mean dot spacing A, (nm) 6.35
Mean Curie temperature 7, (K) 750
Standard deviation o, /T, (%) 2
Gilbert damping constant & 0.1
Thermal gradient 07 / dx (K /nm) 14
Linear velocity (m/s) 10
Tor 10 years oF archiving 350
Thermal gradient 07 / dy (K /nm) for ATI 14
Exposure field (kOe) for ATI 10
Exposure time (ns) for ATI 1

respectively.

The calculation procedure for the writing field
dependence of the bER, namely writability, is described
below. The dot temperature fell with time from T,
according to the linear velocity and 0T /dx. The attempt
times were calculated wusing f,. The probability
exp(—K;) for the magnetization reversal in the
recording or opposite direction was calculated for every
attempt time. The magnetization direction was
determined by the Monte Carlo method for every
attempt time. Then the bER value was obtained. The
calculation detail has already been reported?.

The bER in this paper is useful only for comparisons.

The calculation conditions are summarized in Table 1.
The linear velocity was 10 m/s. We assumed the storage
temperature to be 350 K for 10 years of archiving, for
which we took a certain margin into account. We used an
exposure field of 10 kOe and a time of 1 ns for ATI.

3. Calculation Results

3.1 Improvement in writability

First, we discuss the improvement in writability.

Write-error (WE) and erasure-after-write (EAW)14 are
important factors in writability.

WE means that the magnetization does not switch to
the recording direction during writing when the writing
field |H,,| magnitude is relatively small. WE decreases
as the |H,,| magnitude increases. On the other hand,
EAW means that when the |H,,| magnitude is too large,
some dot magnetizations are reversed in the opposite
direction to the recording direction caused by changing
the |H,| direction after writing. WE and EAW are in a
trade-off relationship in terms of the |H,,| magnitude.

The improvement in writability is restricted to 10
years of archiving and ATI.

(1) Information stability during 10 years of archiving is
determined by Kpgg

Kgo = Muett”, ®
and N is given by
Ny = fuo eXP(_Kﬁo), (9)
where f,, is for |Hy,| = 0. There are two cases as

regards Kpo, namely combinations of

(a) large K, and small V = DZh values, and

(b) small Ky and large V values.

(2) The ATI problem is equivalent to EAW, since ATI
means writing in the adjacent track. Since WE and EAW
are in a trade-off relationship, the better the WE is, the
worse the ATI becomes and vice versa. A large V value
is also needed for decreasing ATI when we choose a small
Kuee value.

If the Kyeir value, namely the Hyes value, is reduced,
the Kz_ value in Eq. (4) decreases even for the same
KuersV value. This is advantageous to WE since the N_
value becomes large during writing and is
disadvantageous to EAW since the N_ value also
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becomes large at the end of writing. WE and EAW are in
a trade-off relationship in terms of the K . value even
for the same K.V value.

In addition, if the K. value, namely the Hy.¢ value,
is reduced, the Kz, value in Eq. (6) increases even for
the same K.V value. This is advantageous to WE
since the N, value becomes small during writing.

If the EAW problem can be solved, a small K¢ value
is advantageous for improving writability as mentioned
above. A large V value, namely a large h value, is
needed for a certain K.V value when we choose a
small K However, it 1is difficult to
manufacture a medium with a large h/D, value. We
assumed the maximum h/D,, value to be about two.

In the following, we discuss these problems that arise
when we choose large and small K, ¢ values.

value.

3.2 Large anisotropy constant

When taking account of 10 years of archiving and ATI
only, we can choose a dot height of 3.0 nm for a medium
with K,/Kpux = 0.8. The h/D, value was 0.48.
However, when K,/Ky, = 0.8, the bER value is high as
shown in Fig. 2. We discuss the reason for this using our
calculation.

The N value is equal to the product of f, and
exp(—Kg). Figure 3 (a) shows the f, value as a function
of the writing time, where the writing field magnitudes
|Hy,| are 0 and 10 kOe. The medium temperature is also
shown. At a time of zero, the medium temperature is Ty,
and the writing field direction changes from downward
to upward, and at a time of 1.27 ns, from upward to
downward. A writing time determined by field is 1.27 ns.

The attempt frequency f;, (1/ns) is interpreted as the
attempt number per nanosecond for dot magnetization
reversal. Unfortunately, the f, value becomes zero at
T.. Furthermore, the f,_ for the dot
magnetization reversal in the recording direction
becomes small by |H,,|.

The Boltzmann factor exp(—Kﬁ) as shown in Fig. 3 (b)
is interpreted as the dot magnetization reversal
probability for each attempt, where the probability is
equal to one when ¢ = 180deg and |H,| > Hyerr- The

value

100 § L L L T T 17T §
8 10_1 :E Ku /Kbulk =038 E:
g - D, =635nm 3
g 10-2 = h=3.0nm E
2 £ /D, =048 s
& 1073 e 3
10‘4‘ i 1 11 1 | 1111 | 111 1 | 111 1 ]
0 5 10 15 20
Writing field (kOe)

Fig. 2 Writing field |H,,| dependence of bit error rate for
a K,/Kpux value of 0.8.

probability decreases rapidly as the temperature
decreases.
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Fig. 3 (a) Attempt frequency f, and medium
temperature, and (b) Boltzmann factor exp(—Kp) as a
function of writing time for a K,/Kpyx value of 0.8,
where the writing field magnitudes |H,,| are 0 and 10
kOe.
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Fig. 4 Mean magnetization reversal number per
nanosecond N = f, exp(—Kz) as a function of writing
time for a K, /Kpuk value of 0.8, where the writing field
magnitudes |H,| are 0 and 10 kOe.
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Figure 4 shows the N =f, exp(—KB) value as a
function of the writing time. The N = f, exp(—Kg) (1/ns)
value is interpreted as the dot magnetization reversal
number per nanosecond. The N_ value is the mean
magnetization reversal number in the recording
direction, and N, is that in the opposite direction to the
recording direction.

When |Hy| =0, the Ny = f, exp(—Kpo) values in the
recording and opposite directions are the same. As the
|Hy| value increases, the N_ value increases and the
N, value decreases.

A medium with K,/Ky, = 0.8 has an N, value as
shown in Fig. 4. This means that there is a situation
where the magnetization reverses in the opposite
direction to the recording direction.

Furthermore, the writing time determined by medium,
where the N_ value is large, is much shorter than the
writing time determined by field. For example, the
writing time determined by medium, where the N_
value is larger than one per nanosecond, is 0.27 ns, and
the writing time determined by field is 1.27 ns.

As a result, the bER value is high for a K, /Ky value
of 0.8.

3.3 Small anisotropy constant

Generally, a reduction in K¢ is disadvantageous to
EAW as mentioned above, since the N_ value becomes
large at the end of writing time determined by field and
the bER caused by EAW becomes large. However, the N_
value is extremely small at the end of the writing time
for HDMR as shown in Fig. 4. Therefore, HDMR has a
certain margin for EAW, since half of the writing time is
for D,, and the rest is for 4p. Furthermore, HDMR also
has a certain margin for the h/D, value, namely 0.48,
since the D, value is relatively large, namely 6.35 nm.
Therefore, the combination of small K, and large V
values is available for writability.

For a combination consisting of small K. and large
V values, 10 years of archiving and the ATI problem
must be considered. The h value necessary for a bER of
103 after 10 years of archiving or AT writing increases

3

%12 B T T T T ]
K10 —
< I ATI ]
& 8 oT/oy=14K/nm ]
T 6 —
E | 10years .
=2 4 |- of archiving —
L2 .
22 s
Bol o 1 v 1 by

0.2 04 0.6 0.8 1.0

Anisotropy constant ratio
Fig. 5 Dot height h to achieve a bER of 103 as a function
of the anisotropy constant ratio K,/Kyy after 10 years
of archiving or AT writing.

as the K,/Kyux value decreases as shown in Fig. 5. The
h/Dy, value is 1.1 even for K, /Ky, = 0.4, since the D,
value of 6.35 nm is relatively large.

WE decreases and EAW increases as the |H,|
magnitude increases. Figure 6 (a) shows that for a
relatively small |H,,| magnitude, the bER value,
namely WE, decreases as the K, /Ky value decreases
where the h value was changed according to the result
in Fig. 5. Although a large EAW can be seen for a

10° ETT T T [T T T T[T T T T[T TTTg
i K, Ky =08 ]
-1 u /S bk
& 10 3 E
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[ E 3
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Fig. 6 Writing field |H,,| dependence of (a) bit error rate
(bER) and (b) signal to noise ratio (SNR) for various
Ky/Kupuk values. (c) The bER value in (a) as a function of
the SNR value in (b).
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K./Kpuk value of 0.4 within the |H,,| calculation range,
it appears at a |H,,| level exceeding about 16 kOe.

We confirmed the result in Fig. 6 (a) by employing a
micromagnetic simulation. The calculation has already
been reported in detail®. Figure 6 (b) shows the |H,|
dependence of the signal to noise ratio (SNR) calculated
employing the micromagnetic simulation, and Fig. 6 (c)
shows the bER value in Fig. 6 (a) as a function of the
SNR value in Fig. 6 (b). A good correlation can be seen
between them. Therefore, our stochastic calculation in
Fig. 6 (a) can almost entirely explain the result of the
micromagnetic simulation in Fig. 6 (b).

When K,/Kpux = 0.4, the N, value is negligible as
shown in Fig. 7, which can be compared with the result
shown in Fig. 4 for K, /Kpuk =0.8. When K, /Ky =0.4,
this means that there is almost no situation where the
magnetization reverses direction compared with the
recording direction. Furthermore, the writing time
determined by medium of 0.35 ns for K,/Kyux = 0.4 is
longer than that of 0.27 ns for K,/Kpux = 0.8. These
mean that the recording is more guaranteed. Therefore,
the bER caused by WE is low for a relatively small |H,,|
magnitude as shown in Fig. 6 (a).

We also confirmed the meaning of N and N, at
|Hy| =10kOe in Figs. 4 and 7 employing a
micromagnetic simulator, EXAMAG LLG (Fujitsu
Ltd)", in which the Landau-Lifshitz-Gilbert (LLG)
equation is solved by the finite-element method. The
equivalent field for the energy of the thermal fluctuation
was added. The dot size and magnetic property were the
same with those in Figs. 4 and 7. The calculation step
time was 10716 s.

Figure 8 shows the time dependence of the
magnetization z component M,/Mg, which means the
magnetization motion as a function of time. The
calculation temperature was constant at 740 K, which
corresponds to a time of 0.070 ns in Figs. 4 and 7. The
N_ value shows the maximum at 0.070 ns as shown in
Fig. 4. Since the thermal gradients and linear velocities

H, 1 H,1 H,|

102 [IllEIlIllIIIIlIIgIIlIIII
2 N
q 1 H - H
= 10 M, =M,
—_—— 0 3 E
M,Q 10 y |
0! M. 1= M, |
3 :
‘4\ H
I 102
Z :
10'3 IIIIIIII|IIII|II§|||IIII

-0.5 0 0.5 1.0 1.5 2.0
Time (ns)
Fig. 7 Mean magnetization reversal number per
nanosecond N = f, exp(—Kz) as a function of writing
time for a K, /Kpuk value of 0.4, where the writing field
magnitude |H,,| is 10 kOe.

INDEX

are the same for Figs. 4 and 7, 740 K also corresponds to
a time of 0.070 ns in Fig. 7. The initial magnetization
and writing field directions are the —z and z directions,
respectively. The N_ and N, values are about 14 and
0.3 times per nanosecond, respectively, for K,/Kpuk =
0.8 as shown in Fig. 4. It is expected that there will be
0.3 magnetization reversals in the opposite direction to
the recording direction within 1 ns. As expected, several
magnetization reversals can be observed within 10 ns as
shown in Fig 8 (a). If we employ a definition stating that
the magnetization is reversed when the M,/M; value
reaches less than —0.9, the magnetization reversal
number is 4 times for the example in Fig 8 (a).

On the other hand, the N, value is about 103 times
per nanosecond for K,/Kpux = 0.4 as shown in Fig. 7.
There is almost no occasion where the magnetization
reverses in the opposite direction to the recording
direction. Therefore, the magnetization
immediately in the recording direction after time 0, and
maintains that direction as shown in Fig. 8 (b).

The stochastic calculation result is consistent with
that employing a micromagnetic simulation. A feature of
our stochastic calculation is that it is easy to grasp the
physical implication of HAMR writing including HDMR,
and the calculation time is short.

reverses

RV

I

1.0 | I [ | P L
0 2 4 6 8 10
Time (ns)
(a)

1.0 | I [ | P
0 2 4 6 8 10
Time (ns)
()

Fig. 8 Time dependence of magnetization z component
M, /M, at 740 K for (a) K,/Kyu = 0.8 and (b) 0.4, where
the writing field magnitude |H,,| is 10 kQOe.
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Fig. 9 Mean magnetization reversal number per
nanosecond N_ = f_ exp(—Kﬁ_) as a function of writing
time for various |H,,| values. (a) K,/Kyux = 0.8 and (b)
0.4.

When K, /Kpux = 0.4, the bER caused by EAW is high
for a relatively large |H,,| magnitude as shown in Fig. 6
(a). When the |H,,| value is large, for example 20 kOe,
the N_ value is large at the end of the writing time
determined by field as shown in Fig. 9 (b) for K, /Kpux =
0.4, which can be compared with the result shown in Fig.
9 (a) for K,/Kyuk = 0.8. If a K,/Kpu value, namely if
the Hyerr value is small, the Kz_ value is also small as
seen in Eq. (4) even for the same K¢V value.

4. Conclusions

We examined the influence of the anisotropy constant
on writability, taking account of 10 years of archiving

and adjacent track interference in 4 Tbpsi shingled
heated-dot magnetic recording (HDMR).

HDMR has a certain margin for erasure-after-write
since the nonmagnetic spacing is large, and a certain
margin for the dot aspect ratio since the dot size is
relatively large. Therefore, the combination of a small
anisotropy constant and a large dot volume can be used
to improve write-error.

When we chose a small anisotropy constant, the bit
error rate caused by write-error is low for a relatively
small writing field magnitude.

However, the bit error rate caused by erasure-after-
write is high for a relatively large writing field region.

Overall, a small anisotropy constant is effective in
terms of obtaining a low bit error rate in HDMR.
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Synthesis and high-field magnetic measurement of Ba2Snz+Mei+Fe10-2:022

H. Harasawa, H. Mitamura®, M. Tokunaga®, K. Kakizaki, and K. Kamishima
Graduate School of Science and Engineering, Saitama Univ., 2566 Shimo-okubo, Saitama 338-8570, Japan
“Institute for Solid State Physics, Univ. of Tokyo, Kashiwanoha 5-1-5, Kashiwa 277-8581, Japan

We report the successful synthesis of BazSna+xMer+Feio-2x022, a series of single-phase materials derived by
substituting divalent metals (Me2*=Ni2+, Co2*, Zn2+, Mg?*, and Cu2*) into the BasSnsMeFe10022 layered structure.
High-field magnetization measurements of the parent compound (BasSns:MeFe10022) unveil a unique magnetic
response, marked by a plateau at high fields, indicating a field-induced alignment of moments near barium cations.
This alighment contrasts with the antiferromagnetic arrangement of magnetic moments observed at low fields in a
previous neutron diffraction study. The decrease in magnetization with substitution suggests the absence of the
preference of Sn#* for down-spin sites. This work paves the way for further exploration of the magnetic properties of
BazSna2MeFe10022 and its derivatives.

Keywords: QS-type ferrite, BazSnz+xMer+xFe10-2:022, phase diagram, pulsed high magnetic fields

1. Introduction There is another hexaferrite of the QS-type that
shares a stacking structure similar to that of the
Y-type.l1'19 The present investigation focuses on the
QS-type hexaferrites, BazSn2MeFe10022, characterized
by a layered arrangement consisting of alternating
S-block (Me2*Fes0s)* and Q-block (BazSnsFes014)". Table
1 provides an overview of the crystallographic unit cell
details for the QS-type hexaferrite. Previous reports
established the presence of two formula units (QSQS)
within the magnetic unit cell of this material; the
magnetic structure exhibits a caxis twice the length of

In the field of materials science, hexaferrites stand
out due to their extensive historical significance and
practical applications.!'® They are primarily oxides with
iron acting as the principal magnetic ion, typically in
the high-spin Fe3* state. Additionally, these materials
contain alkaline earth ions, such as Ba2* or Sr2+, which
characterizes distinct structural units in hexaferrites.
The composite structure of hexaferrite arises from
combining fundamental structural units.4® This layered
configuration induces magnetic anisotropy, a critical

factor influencing numerous physical properties. Table 1 Overview of the crystallographic unit cell
Typically, magnetic moments align perpendicular to the details for the QS-type hexaferrite. Each row
hexagonal layers, but exceptions occur, especially with describes the quantity of atoms within the unit cell,
the presence of divalent transition metal ions such as the corresponding atom block, their designated labels
Co?*, where magnetic alignment takes place within the in Fig. 8, and their associated coordinates for
hexagonal plane.!? Ba2Sn2NiFe100s22 in Ref. 13.

The most prevalent variation of hexaferrite is the
M-type, represented by the general formula AFe12019, Ba,Sn,MeFe,(0,, (Space Group P3m1)
where A signifies divalent alkaline earth ions, (a=5.9218 A, c=14.3064 A at T=300 K for Me=Ni)
commonly Ba2* or Sr2+.1'? Recognized for its strong Atom | Number Label
magnetic characteristics, M-type hexaferrite is widely (site) at:;S Block | in Fig. 8 * > z

employed as a hard magnetic material, distinguished by

its relatively high coercivity and saturation Ba 2 Q 13 23 04233
magnetization. The Y-type hexaferrite also stands out Tetr(1) 2 S 1\/1}412111\\/1/[918 13 2/3 0.9547
as a significant structural variant, with the chemical —
formula BasMesFe12022, where Me represents a divalent Tetr(2) 2 Q Mi4, M15 0 0 03743
transition metal. The Y-type hexaferrite exhibits M4, M7

. .. ] Oct(1) 2 Q » VI 13 23 | 0.6789
stacking arrangements comprising S-block M13, M16
(Me2+2Fe408)% and T-block (BasFesO14)%* structures.+? Oct(2) 1 S M1, M10 0 0 0
In these materials, magnetic moments align within the M3, M8,

oct(3) | 6 (=3+3) | Q-S 0.1696 | 0.3392 | 0.1725

hexagonal plane, allowing for free rotation in the ab Mi12, M17
plane, thus giving them the characteristic of soft o() 2 Q 0 0 0.2393
magnetic materials. Their unique properties make them

. . .. . 0(2) 2 S 1/3 2/3 0.0890

valuable for applications requiring high-frequency
(GHz) RF usage.610 0(3) 6 s 0.1572 | 0.3144 | 0.9145
0(4) 6 Q 0.4956 | 0.9912 | 0.2449
Corresponding author: K. Kamishima (e-mail: 0(5) 6 Q 0.1752 | 0.3504 | 0.5912

kamisima@mail.saitama-u.ac.jp).
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the crystallographic caxis while sharing the same
araxis. As depicted in Fig. 8(b) later, the magnetic unit
cell comprises 18 sites labeled along the caxis. The
magnetic moments associated with one formula unit
(QS) exhibit equivalence and antiparallel alignment,
leading to antiferromagnetism.!® Despite its existence,
Ba2Sn2MeFe10022 has yet to be extensively investigated
in determining whether the reported microscopic
antiferromagnetic structure adequately accounts for
macroscopic magnetization.

This study aims to explain the consequences of
substituting 2Fe3* with Sn* and Me* in
Ba2SnaMeFe10022 for the following systems: Me**=Ni2*,
Co2t, Zn?*, Mg?*, and Cu?*. Introducing non-magnetic
Sn#* ions is anticipated to diminish the down-spin
population, potentially inducing ferrimagnetism. To
check the result of the arrangements of these magnetic
moments, we examined the magnetization of the
substituted samples, Ba2Sno+Mei+Feio-2x022, up to a
high magnetic field of about 600 kOe. This method
offers valuable insights into how magnetic moments are
arranged, as demonstrated in a previous study involving
a different type of substituted hexaferrite.!®

2. Experimental Procedure

The preparation of the experimental materials
involved the precise weighing of BaCOs, a-Fe203, SnOs,
and MeO powders to achieve a targeted composition of
BasSnaiMer+<Feio-2x022 (-1.0 < x < 2.0). The subsequent
mixing process used a wet ball mill for 24 hours,
followed by drying. The mixed powders were then
shaped into disc-shaped samples with a diameter of 12
mm. The final step involved sintering the molded
samples in air at temperatures between 1000°C and
1300°C for five hours. The crystal structure was
investigated by powder X-ray diffraction (XRD) with
Cu-Ka radiation (1.5405 A). The extraction of lattice
constants from the acquired X-ray diffraction peaks
relied on Cohen’s method of least-squares.'® The
magnetization measurements were carried out under
various magnetic field strengths: up to 15 kOe by a
VSM, up to 70 kOe by a SQUID, and up to 600 kOe by a
pulsed magnetic field. Magnetization measurements in
pulsed high magnetic fields utilized an induction
method.

3. Experimental results and discussions

Figure 1 presents the Xwray diffraction (XRD)
patterns of BazSnz+MNit+Fei0-2x022 series (-1.0 < x < 2.0)
sintered at 1300°C. While a single phase was observed
for compositions within the range of -0.1 < x < 1.0 at
1200°C, shifting x negatively led to the formation of the
QS structure associated with BaSnooFes47011.
Conversely, increasing x resulted in forming the Sn
oxide with the R block, identified as BaSn2FesO11. This
phenomenon 1is attributed to the formation of
BaSn2FesO11, which shares a composition close to
Ba2SnaNisFesO22 (x = 2.0) upon reaching the cation

v Ba,Sn, Ni, Fe,0, X BaSny,Fe;,;0,
A Ba,SnFe 0O,, ¢ M-type
® BaFe,O, » BaSn,Fe,O,
\ 4 BaSnO3 xX=
"

LLW 2.0
@
g v_x_}dinvyywﬂwky 1.0
= v
S |y ket lvw g whiwiy | 05
= 7 0.0
S b4 wy v
~—
R7 -0.1
5
= -0.5
!

-1.0
20 30 40 50 60 70
260 (deg.) Cu-Ka

Fig. 1 Xwray diffraction (XRD) patterns of

BasSna+Nij+xFei0-2:022 series (-1.0 < x < 2.0) sintered
at 1300°C.

¢ Ba,Sn,, Cu, Fe,0, ¥ BaSnFe,O,,
¢ BaSnyFes ;0

x=
0.8
0.6
0.4

0.2

I T

-0.1

-0.2
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Fig. 2 X-ray diffraction patterns of
BazSnz+yCui+Fe102x022 series (-0.2 < x < 0.8) sintered
at 1200°C.

substitution limit for the QS block.
Figure 2 shows the X-ray diffraction patterns of
BazSnz+ Cui+Fe1o-2:022 series (-0.2 < x< 0.8) sintered at

Intensity (arb.units)
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Fig. 3 Xway diffraction (XRD) patterns of the
Ba2Sn2+xCoi+Fe10-2x022 series (-0.2 < x < 1.2) sintered
at 1200°C.

1200°C. The analysis reveals the formation of a single
phase for the composition range -0.1 < x < 0.4. However,
samples with x values of 0.6, 0.8, and 1.0 undergo
melting, preventing the achievement of a single phase
in these cases.

Figure 3 shows the X-ray diffraction (XRD) patterns
of BazSna+Co1+xFe10-24022 series (-0.2 < x < 1.2) sintered
at 1200°C. While a single phase was obtained for
compositions within the range of 0 < x < 0.8, the M-type
hexaferrite was formed at both the substitution limits of
x = -0.1 and 1.0. Although the minority phase is the
same M-type hexaferrite, it is highly possible that the
M-type hexaferrite in the sample at x = -0.1 contains
more Fe3* and less Me?* and Sn4* than at x= 1.0.

Figure 4 illustrates the X-ray diffraction (XRD)
patterns of BazSna+.Mgi+<Fe10-2¢022 series (-0.2 < x< 1.0)
sintered at 1300°C. Similar to Fig. 3, a single phase was
observed for compositions within the range of -0.1 < x <
0.8. The M-type hexaferrite phase was again observed
at the substitution limits, x=-0.2 and 1.0.

Figure 5 shows the X-ray diffraction patterns of
BasSna+Zni+Feio-2:022 series (-0.2 < x < 1.0) sintered at
1300°C. Similar to the observations in Figure 3,
analysis of the patterns reveals the formation of a single
phase for the composition range -0.1 < x < 0.6.
Additionally, the M-type phase was observed at both the
substitution limits, x=-0.2 and 1.0.

Figure 6 depicts a schematic diagram representing
the single-phase fabrication range for the
BasSno+cMer+Feio-2:020 series (where Me2=Ni2+, Co+,
Zn2*, Mg?*, and Cu?*). This diagram is based on the
analysis of X-ray diffraction (XRD) patterns obtained

INDEX
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Fig. 4 Xwray diffraction (XRD) patterns of
BazSns+ Mgi+Fei0-2:022 series (-0.2 < x < 1.0) sintered
at 1300°C.

from samples sintered at temperatures ranging from
1100°C to 1300°C and containing varying x values
within the range of -0.2 < x<1.2.

Figure 7 shows the magnetization curves of
BaxSneMeFe10022 (Me2t=Ni2+, Co?+, Zn2*, Mg?+, and
Cu?*) and the Fe3* system BasSnisFei09:022 (=

¢ Ba,Sny, Zn Fe,;,0,,

L 4 M-type X =
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Fig. 5 X-ray diffraction patterns of
BazSns+Zni+Fe1o-2:022 series (-0.2 < x < 1.0) sintered
at 1300°C.
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Fig. 6 Schematic diagram representing single-phase
fabrication range for BasSna+xMer+xFe1o-2:022 series
(where Me2t=Ni2+ Co?*, Zn2*, Mg?+, and Cu2").

2BaSnosFes.47011), measured at 7=4.2 K up to H=600
kOe. The magnetization curve of the Zn-based QS-type
hexaferrite did not reach full saturation, contrasting
with QS-type hexaferrites containing alternative
divalent cations. Zn2* ions predominantly occupy
tetrahedral sites, specifically M2, M9, M11, and M18,
within the S blocks of the QS-type unit cell, which
features alternating Q-, S-, Q-, and S-blocks. Notably,
these tetrahedral sites within the S block serve as
bottlenecks for transition metal ions when traced along
the Dblock stacking direction. The presence of
non-magnetic Zn ions at these bottleneck positions can
significantly  disrupt the exchange interaction,
hindering magnetization saturation compared to that
observed in QS-type hexaferrites with different cations.
The figure demonstrates that the high-field
magnetization at A=600 kOe approaches a value of 20
pe/f.u. for the Zn-system, 15 ps/f.u. for the Mg, Co, and
Fe systems, and 13 ps/f.u. for the Cu and Ni systems.
While generally in agreement with the findings of M. C.
Cadée et al up to 400 kOe, our results present some
noticeable discrepancies. These differences likely stem
from variations in sample synthesis conditions,
particularly our approach compared to that of Cadée's,
who subjected samples to sintering at 1197°C over
several days. Such differences may induce alterations in
ionic  distribution and, consequently, magnetic
properties, as demonstrated in the case of MgFe204.17
Notably, the magnetization curves exhibit a kink-like
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Fig. 7 Magnetization curves of BasSnaMeFe100ze
(Mex+=Niz+, Co?+, Zn?*, Mg?*, and Cu2") and Fe3*
system BazSnisFei09:022 (= 2BaSnogFes47011),
measured at 7=4.2 K up to =600 kOe.

feature up to an applied field of 600 kOe. These
observations allow us to discuss the magnetic structure
at =600 kOe.

Figure 8 depicts the (a) two crystallographic unit cells
and (b) magnetic unit cell proposed by M. C. Cadée et
al'® Their analysis suggests that the cancellation of
ionic magnetic moments within the magnetic unit cell
leads to antiferromagnetic behavior. Our present work
investigates whether this spin configuration can
account for the observed magnetization at the plateau.

Considering the Zn-system as an example, the
replacement of non-magnetic Sn** and Zn2* ions with 2
Fe3* ions in two chemical formula units results in a
distribution of 20 Fe3* magnetic moments. To achieve
agreement with the experimental value of 20 ps/f.u.,
2%x(7x5-3x5)=40ps 1
must be  satisfied. This means that the
two-chemical-formula-unit magnetic structure exhibits
fourteen right-pointing and six left-pointing magnetic
moments. Based on their valences and coordination
preferences, we propose a plausible configuration (Fig.
8(c)) where Sn** ions occupy M8 and M12 sites, and Zn2*
ions occupy M2 and MI18 sites. However, this
configuration yields a magnetic moment of 30 pus per
unit cell, which is inconsistent with the observed 40 ps
plateau magnetization.

The inability of the spin configuration proposed by M.
C. Cadée et al to account for the observed plateau
magnetization necessitates a re-evaluation of the
magnetic structure. While the bond length between M5
and M6 in Fig. 8(b) is significantly long, the
corresponding bond angle is 76° as shown in Fig. 8(d).
This angle being close to 90° suggests a potential
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ferromagnetic alignment of the magnetic moments.

So, we propose a field-induced alignment of moments
near barium cations in the Q-block. Figure 8(e) depicts
this magnetic structure with aligned magnetic moments
at the M5-M6 and M14-M15 sites, while other sites
maintain antiparallel alignments, as in Fig. 8(b). In other
words, the directions of magnetic moments at the
M6-M14 sites in Fig. 8(d) oppose those in Fig. 8(b). This
configuration results in a distribution of eighteen
right-pointing and eight left-pointing magnetic
moments per unit cell, leading to a ferrimagnetic
arrangement throughout the crystal. Based on
considering the local charge balance, Sn* and Zn2* are
expected to occupy the positions indicated in Fig. 8(f).

, 76°

“1 M8

M9

MI0

Mil

Mi2

M13

Ba*® O* s
R, =i T i M15

Tetr. . Oct. e ‘-SnSn M16
----- ey |- -1 M17

i s B . vt et Mi8

Fig. 8 (a) Two crystallographic unit cells of

BasSnsMeFe10022, (b) magnetic structure  of
BazSnz2MeFe10022 proposed by M. C. Cadée et al
(1986), (c) plausible spin configuration based on (b)
with Sn*+ and Zn?* cations, (d) bond between M5 and
M6 in Q block, (e) modified magnetic structure with
aligned magnetic moments at M5-M6 and M14-M15
sites, and (f) plausible spin configuration based on (e)
with Sn4* and Zn2* cations.
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Therefore, at low magnetic fields, the dominant
magnetic structure is the one depicted in Fig. 8(b),
which leads to the cancellation of the magnetic
moments within the crystal. However, at high magnetic
fields, the alignment of the M5-M6 and M14-M15
magnetic moments (as shown in Fig. 8(e)) gives rise to
the observed plateau.

We consider if the magnetic structure shown in Fig.
8(e) applies to another divalent metal substitution.
Considering the non-magnetic Mg-system, the same
configuration as in Fig. 8(e) would yield 18
right-pointing and eight left-pointing moments.
Replacing Fe3* with four non-magnetic Sn** and two
Mg?* in the Mg system requires an equation of
2% (6.5%5-35x5)=30ps (2)
for the experimental value of 15 ps/f.u. This translates
to thirteen right-pointing and seven left-pointing
moments. Assigning Sn%* and Mg?* to the Fig. 8(e)
configuration, Sn** likely occupies M8 and M17 due to
its high valence and preference for octahedral sites.
Mg?*, being able to occupy both tetrahedral and
octahedral sites as the incomplete inverse spinel
structure of MgFe204 demonstrates, is assumed to have
a 50% occupancy in M1, M2, M10, and M11 of the S
block.

Figure 9 the magnetization values of
BasSns+xMer+xFe10-2x022 at an applied magnetic field of
550 kOe and a temperature of 4.2 K. The magnetization
decreased with increasing substitution levels. This
observed reduction can be attributed to two main

shows

factors: (1) the substituted ions, which possess smaller
magnetic moments compared to Fe3*, do not exhibit a
preferential occupancy of the left-handed spin sites, and
(2) the dilution of the system with non-magnetic Sn**
ions, which disrupts the super-exchange interaction. It

Ba,Sn,  Me,, Fe,;, 0,,

—@— Mg Zn—¢— Ni
Cu —x- Co

T T T T

H=550kOe |
T'=42K

20

e e T = S =Y
N BN ©

Magnetization (pg/f.u.)
o

4

8.0 02 04 06 0.8 1.0
Component, x
Fig. 9 Magnetization of BazSng+xMer+sFe102:022 at

applied magnetic field of 550 kOe and temperature of
4.2 K.
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is likely that introducing non-magnetic Sn** ions does
not diminish the down-spin population.

4. Conclusion

We report the successful achievement of single-phase
synthesis for the Ba2Sna+Mer+Feio-2:022 series, which
represents a divalent metal substitution system derived
from the Ba2SnsMeFe10022 QS-type hexagonal ferrite.
This achievement was realized within specific synthesis
temperature ranges (7%) and substitution level ranges
(x) for the Co, Ni, Mg, Zn, and Cu systems. Furthermore,
the investigation of the magnetic properties of the
BazxSnaMeFe10022  ferrite suggests the following
potential explanation: at low magnetic fields, the
dominant magnetic structure, as described by M. C.
Cadée et al, leads to the cancellation of the magnetic
moments within the unit cell. However, at high
magnetic fields, the alignment of the magnetic moments
near barium cations in the Q block results in the
observed plateau. The magnetization of
BasSns+cMer+xFe10-2x022  decreased with increasing
substitution levels, which implies that introducing
non-magnetic Sn** ions does not diminish the down-spin
population.
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