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Effect of the magnetic field on the ferroelectric transition of KD2PO4

measured by a high resolution and super-sensitive
differential scanning calorimeter
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The magnetic effect on the ferroelectric transition of single crystalline KD2PO4 (DKDP) was measured by using a high resolution
uper-sensitive differential scanning calorimeter (DSC) working in a magnetic bore. The transition temperature of KD2PO4 with the magneti
eld of 5 T alonga-axis and alongc-axis was 5.6± 0.8 and 2.8± 0.9 mK, respectively, higher than that without the magnetic field.
alculated temperature shifts of the transition due to the magnetic field alonga-axis and alongc-axis using the magneto-Clapeyron equa
nd the data of magnetic susceptibility were negative values, being contradictory to the experimental results. These results deman
nother contribution in magnetic susceptibility. The high frequency term of magnetic susceptibility due to molecular motions was c

o play an important role in order to explain the positive experimental values.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The development of refrigerator-cooled superconducting
agnet has made possible easily to obtain a strong magnetic

eld, for example, 10 T. It has become possible to study the
agnetic effect of paramagnetic and diamagnetic substances
sing such a magnet[1–6]. Since the magnetic energy at 10 T

s still weaker than the thermal energy kT at room tempera-
ure, it is necessary to use a highly sensitive apparatus under
he strong magnetic field in order to detect the magnetic effect
f diamagnetic and paramagnetic substances. However, the
agnetic effect on the dielectric substance has been scarcely

eported.

∗ Corresponding author. Tel.: +81 432902604; fax: +81 432902604.
E-mail address:inabah@faculty.chiba-u.jp (H. Inaba).

Potassium dihydrogen phosphate KH2PO4 (KDP) belongs
to a family of ferroelectric crystals where the molecular u
are linked by hydrogen bonds. Their hydrogen bonds
preferably oriented in specific direction in the crystal latt
In the KDP crystal, O–H bonds lie in thec-plane. Diamag
netic anisotropy was reported for the hydrogen-bonded f
electrics due to the anisotropy of spatial atomic distribu
[7]. KDP is known to have a ferroelectric phase transitio
about 120 K[8,9] from a ferroelectric orthorhombic stru
ture to a paraelectric tetragonal structure. In the deute
isomorph of KDP, KD2PO4 (DKDP), the transition tempe
ature was reported to become about 220 K[10,11].

In the previous studies[12–17], we developed a high re
olution and super-sensitive differential scanning calorim
(DSC) capable of measuring a heat as small as the
of 20 nW with a temperature resolution less than 1 mK.
measured the magnetic effect on the phase transitio
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diamagnetic materials such as C32H66, EBBA, MBBA, H2O
and D2O using the DSC, which was placed in a magnetic
bore. It has been shown that the transition temperature due to
phase transitions and due to melting was shifted to a higher
temperature side by several or several tens of mK for C32H66
[13], EBBA [14], MBBA [17], H2O and D2O [16] by apply-
ing the magnetic field of 5 or 6 T. In the case of H2O and D2O,
the temperature shift due to the magnetic field is proportional
to the square of the magnetic field, being compatible to the
magnetic field. However, these temperature shifts did not
obey the magneto-Clapeyron equation quantitatively.

Since the magnetic effect on the phase transition of dia-
magnetic materials has been scarcely measured, it is desirable
to collect enough data on the phase transition of various kinds
of diamagnetic materials in order to investigate the mecha-
nism of the magnetic effect.

In the present study, we have measured the magnetic ef-
fect on the ferroelectric to paraelectric phase transition of
KD2PO4 using the high resolution and super-sensitive DSC
and discussed it using the magneto-Clapeyron equation.

2. Experimental

We have used a high resolution nW stabilized DSC work-
ing in a magnetic bore between 120 and 420 K, which was
d C
i ore
a ected
t re of
t 1. We
c esis-
t f the
s e and
t hen,
w the
r sed
f al of
D n
a ing
a ple
p d the
m tion
t l
w netic
fi

ition
o e to
t effect
a
T hout
u f 5 T
w n the
P e
t ifted
s

Fig. 1. Schematic drawing of the high resolution and super-sensitive DSC
working in a magnetic bore between 120 and 420 K[16]. A, refrigerating
head; B, thermal reservoir; C, thermal insulator; D, copper plates connected
to the calorimeter, TS1–TS4; Pt resistance thermometers.

Fig. 2. The magnetic effect at 5 T at 288.65 K on the Pt resistance thermome-
ter, TS1[16].
escribed previously[16]. The schematic drawing of the DS
s shown inFig. 1. The calorimeter was set in a magnetic b
nd was cooled by a refrigerating head, which was conn

o the calorimeter through copper plates. The temperatu
he sample was measured by the Pt thermometer, TS
alibrated the temperature of TS1 by measuring the r
ance of TS1 as a function of the melting temperature o
tandard materials, such as In, Ga, Hg, biphenyl and ic
he solid–solid transition temperature of cyclohexane. T
e know the temperature of the sample by measuring

esistance of TS1. A single crystal of DKDP was purcha
rom Nippon Pastec Co. Ltd., Japan. The single cryst
KDP with a size of 2.2 mm× 2.3 mm× 2.5 mm was put i
cylindrical aluminum pan with a diameter of 3.8 mm fac
-plane andc-plane to the bottom of the pan. The sam
an was set along the parallel direction to the ground an
agnetic filed was applied along the perpendicular direc

o the ground. When thea-plane orc-plane of DKDP crysta
as faced to (the bottom of) the aluminum pan, the mag
led was applied alonga-axis orc-axis, respectively.

Before measuring the magnetic effect on the trans
f DKDP, the magnetic effect on the Pt thermometer du

he magneto-resistance was measured. The magnetic
t 5 T on TS1 was determined as described previously[16].
he DSC was kept at room temperature of 288.65 K wit
sing temperature control and then the magnetic field o
as applied three times to measure the magnetic effect o
t thermometer TS1 as shown inFig. 2. In Fig. 2, the bas

emperature was corrected to be a flat line, since it dr
lowly due to the ambient temperature change.Fig. 2shows
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Fig. 3. The magnetic effect on TS1 at various temperatures at 5 T[16].

that the magnetic effect at 5 T on the Pt thermometer is re-
producible and it is obtained to be 18.2 mK at 288.65 K. The
magnetic effect on the Pt thermometer TS4 at a distant place
from the maximum magnetic field of 5 T as shown inFig. 1
was measured to be 0.4 mK, which is 2.2% of the magnetic
effect on TS1. The magnetic effect on TS1 at other temper-
atures was measured with controlling the temperature to be
constant using the thermometer TS4, similarly as shown in
Fig. 2. After the small magnetic effect on TS4 was corrected,
the magnetic effect at 5 T on TS1 at other temperatures was
determined as shown inFig. 3.

3. Results

The heat flux measurements on the ferroelectric transition
of DKDP were made five times at a heating rate of 1 mKs−1

using the DSC. The results of repeated two measurements
for the DKDP crystal facinga-plane to the aluminum pan
(which is abbreviated toa-plane DKDP hereafter) are shown
in Fig. 4, indicating almost the same results. The transition
temperature can be reproducibly measured with the preci-
sion of±0.5 mK. The transition temperature of the DKDP
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m

Fig. 5. The DSC curves on the ferroelectric transition ofa-plane DKDP with
the magnetic field of 5 T at a heating rate of 1 mKs−1. The results of two
measurements at the same condition are shown.

crystal facingc-plane to the aluminum pan (which is abbre-
viated toc-plane DKDP hereafter) can also be reproducibly
measured with the same precision. The transition tempera-
ture of DKDP was 215.05 K, which is in the middle of the
two reported values of 213 and 229 K[10,11]. The heat flux
measurements on the ferroelectric transition of DKDP under
the magnetic field of 5 T were made five times at a heat-
ing rate of 1 mKs−1 and the repeated two measurements are
shown inFig. 5 for a-plane DKDP. The heat flux measure-
ments on the ferroelectric transition forc-plane DKDP under
the magnetic field of 5 T can also be reproducibly measured
with the precision of±0.5 mK. The averaged results fora-
andc-plane DKDP with the magnetic field of 5 T and without
the magnetic field are shown inFigs. 6 and 7for comparison,
respectively. The transition temperature with the magnetic
field of 5 T is slightly higher than that without the magnetic
field as seen inFigs. 6 and 7. Since the shift of the transitional
peak due to the magnetic field is slightly dependent on the
peak position, the temperature shift was averaged over the
whole range of the transitional peak. The resultant tempera-
ture shift was obtained to be 5.6± 0.8 mK fora-plane DKDP

F
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ig. 4. The DSC curves on the ferroelectric transition ofa-plane DKDP
ithout magnetic field at a heating rate of 1 mKs−1. The results of tw
easurements at the same condition are shown.
ig. 6. The comparison between the averaged DSC curves ofa-plane DKDP
ith the magnetic field of 5 T and without the magnetic field at a he

ate of 1 mKs−1.
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Fig. 7. The comparison between the averaged DSC curves ofc-plane DKDP
with the magnetic field of 5 T and without the magnetic field at a heating
rate of 1 mKs−1.

and 2.8± 0.9 mK for c-plane DKDP. The higher transition
temperature of DKDP due to the magnetic field shows that
the ferroelectric phase is stabilized by the magnetic field by
some reason.

4. Discussion

The DSC curves with and without the magnetic field for
the ferroelectric transition of DKDP show that the ferroelec-
tric state becomes more stable than the paraelectric state by
the application of the magnetic field. The relatively stable
state in the low temperature phase has also been found in
the phase transitions in C32H66, EBBA, MBBA, H2O and
D2O [13,14,16,17]. The effects of an applied magnetic field
on the phase transitions of these compounds were discussed
on the basis of a simple extension of the Clapeyron equation
[13,14,16,17].

When we consider a diamagnetic substance at tempera-
tures near the phase transition, which has an angleθ with
respect to the magnetic field, the molar Gibbs energy change
dG including the magnetic effect is represented by the fol-
lowing equation:

dG = −S dT −
(

B

µ0

)
(χ⊥ sin2 θ + χ= cos2 θ) dB (1)

w -
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and low temperature phases:

∆T= −
(

B2

2µ0

)
((χ⊥h−χ⊥1) sin2 θ+(χ=h−χ=1) cos2 θ)

(Sh − S1)
.

(2)

Since the absolute magnetic susceptibility in the direction
of a-axisχa is larger than that in the direction of thec-axisχc
for DKDP considering its crystal structure[7], χa andχc are
regarded asχ= andχ⊥, respectively. In the case ofa-plane
DKDP, where the magnetic field is applied alonga-axis and
θ is 0◦, Eq.(2) becomes:

∆T = −
(

B2

2µ0

)
(χah − χa1)

(Sh − S1)
(3)

In the case ofc-plane DKDP, where the magnetic field is
applied alongc-axis andθ is 90◦, Eq.(2) becomes:

∆T = −
(

B2

2µ0

)
(χch − χc1)

(Sh − S1)
(4)

Using the unpublished values for the diamagnetic suscep-
tibility of (χ ah− χa1) and (χch− χc1) for a-plane andc-plane
[18], and the entropy change for the ferroelectric transition
of DKDP:Sh −Sl = 3.80 J K−1 mol−1 [19], 	T for the ferro-
electric transition of DKDP fora- andc-plane are calculated
t ed
v s are
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hereS is the molar entropy,χ⊥ andχ= are the diamag
etic susceptibility perpendicular and parallel to the mol

ar axis, respectively, andB is the magnetic flux. Sinceχ⊥ and
= are both negative values, the second term of Eq.(1) be-
omes positive and then the system becomes unstable
lying the magnetic field. When the phase transition is u
ay, the molar Gibbs energy at the high temperature pha
qual to the low temperature phase to give dGh = dGl , where
ubscript h and l mean the high temperature and the low
erature phase, respectively. Then the shift of the trans

emperature by the application of the magnetic field,	T, be-
omes as by integrating of differential of Eq.(1) in the high
-

o be−0.5 and−1�K at 5 T, respectively. The calculat
alues are both negative and the transition temperature
xpected to shift to the lower temperature. The experim
alues for the shift of the transition temperature in the fe
lectric transition at 5 T,	T for a-plane DKDP: 5.6 mK an

or c-plane DKDP: 2.8 mK, are both positive, contradict
he calculated values. Therefore, it is very difficult to ma
heoretical explanation on the positive temperature shif
he ferroelectric transition of DKDP due to the strong m
etic field.

These facts would show that the temperature shifts o
erroelectric transition of DKDP due to the strong magn
eld cannot be explained by the simple application to
3) and (4), if we use the values for the diamagnetic
eptibility of DKDP [18] and use the results of the entro
hange[19]. Since the entropy change, (Sh −Sl ), is definitely
ositive and its magnitude is considered to be correct
ifference between the experiment and the calculation
e due to directly using the data of diamagnetic suscep

ty. There must exist another important contribution in
agnetic susceptibility under a strong magnetic field.
ossible explanation would be the one made in the ca
2O and D2O [16]. According to Ramsey[20], the magneti
usceptibilityχ of a diamagnetic molecule is expressed

= χstatic+ χhf (5)

here the first term is the usual diamagnetic susceptib
nd the second term is the high frequency term due to m
lar motions such as rotation and vibration under a st
agnetic field. He also gave a theoretical equation ofχhf for
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the rotational part of diatomic molecules[20]. Since the dia-
magnetic susceptibility is measured statically, such as using
a microbalance and SQUID, the high frequency term is not
included in the usual diamagnetic susceptibility. In the case
of H2O and D2O[16], although the experimental temperature
shifts	Twere proportional to the square of the strong mag-
netic field, being compatible with the magneto-Clapeyron
equation, the magnitudes were three orders of magnitude
larger than the calculated ones. In order to explain the larger
experimental values of H2O and D2O, the high frequency
term expressed by Eq.(5) was taken into account. For a po-
larized molecule like H2O, the charge of nucleus and elec-
trons in the atoms cannot be cancelled completely. Then the
thermal motion of the partially charged atoms of H2O in the
magnetic field gives rise to the Lorentz force at temperatures
near the melting point, which contribute to make the high
frequency term larger. The Lorentz force would suppress the
thermal motion of the partially charged atoms, making the
solid phase more stable.

The most generally accepted mechanism of the phase tran-
sition in DKDP is an order–disorder model of protons[21].
The bonding character of DKDP is considered to have some
ionic character. Therefore, similarly as the case of H2O, the
thermal motion of the constituent ions of DKDP may be con-
sidered to give rise to the Lorentz force at temperatures near
the ferroelectric transition in the magnetic field. The Lorentz
f sult-
i that
t ing
t e to
t can
b g on
t f the
p t
c

5

of
s ng
a in a
m
t
5 at
w the
p and
a lated
o f the
s high

frequency magnetic susceptibility proposed by Ramsey
is predominant, the experimental data are understandable
using the magneto-Clapeyron equation. The thermal motion
of constituent ions in DKDP is considered to be suppressed
due to Lorentz force under the magnetic field, resulting in
the low temperature phase to be more stable.
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