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Abstract

The magnetic effect on the ferroelectric transition of single crystalling®@ (DKDP) was measured by using a high resolution and
super-sensitive differential scanning calorimeter (DSC) working in a magnetic bore. The transition temperatuyfe@f Kith the magnetic
field of 5T alonga-axis and along-axis was 5.6-0.8 and 2.8t 0.9 mK, respectively, higher than that without the magnetic field. The
calculated temperature shifts of the transition due to the magnetic field alariy and along-axis using the magneto-Clapeyron equation
and the data of magnetic susceptibility were negative values, being contradictory to the experimental results. These results demand to consic
another contribution in magnetic susceptibility. The high frequency term of magnetic susceptibility due to molecular motions was considered
to play an important role in order to explain the positive experimental values.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Potassium dihydrogen phosphate #, (KDP) belongs
to a family of ferroelectric crystals where the molecular units
The development of refrigerator-cooled superconducting are linked by hydrogen bonds. Their hydrogen bonds are
magnet has made possible easily to obtain a strong magnetipreferably oriented in specific direction in the crystal lattice.
field, for example, 10 T. It has become possible to study the In the KDP crystal, O—H bonds lie in treeplane. Diamag-
magnetic effect of paramagnetic and diamagnetic substancesetic anisotropy was reported for the hydrogen-bonded ferro-
using such a magngt—6]. Since the magnetic energy at 10 T  electrics due to the anisotropy of spatial atomic distribution
is still weaker than the thermal energy kT at room tempera- [7]. KDP is known to have a ferroelectric phase transition at
ture, it is necessary to use a highly sensitive apparatus undembout 120 K[8,9] from a ferroelectric orthorhombic struc-
the strong magnetic field in order to detect the magnetic effect ture to a paraelectric tetragonal structure. In the deuterated
of diamagnetic and paramagnetic substances. However, thégsomorph of KDP, KBPO, (DKDP), the transition temper-
magnetic effect on the dielectric substance has been scarcelyature was reported to become about 220 6(11].
reported. In the previous studigd 2—17], we developed a high res-
olution and super-sensitive differential scanning calorimeter
(DSC) capable of measuring a heat as small as the order
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diamagnetic materials such agBgs, EBBA, MBBA, H20

and DO 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 fpHgs

[13], EBBA [14], MBBA [17], H2O and DO [16] by apply-

ing the magnetic field of 5 or 6 T. In the case gi®land O,

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, itis 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- L~ TH4
fect on the ferroelectric to paraelectric phase transition of
KD,PQy 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 420K, which was
described previousi1 6]. The schematic drawing of the DSC
is shown inFig. 1. The calorimeter was setin a magnetic bore
and was cooled by a refrigerating head, which was connected
to the calorimeter through copper plates. The temperature of
the sample was measured by the Pt thermometer, TS1. We
calibrated the temperature of TS1 by measuring the resis-
tance of TS1 as a function of the melting temperature of the
standard materials, such as In, Ga, Hg, biphenyl and ice and
the solid—solid transition temperature of cyclohexane. Then,

we know the temperature of the sample by measuring the _ , _ _ _ o
resistance of TS1. A single crystal of DKDP was purchased Fig. 1 Schematlc drgwmg of the high resolution and super—§ensm_ve DSC
. . working in a magnetic bore between 120 and 42[1R]. A, refrigerating
from Nippon Pastec Co. Ltd., Japan. The single crystal of peag: B, thermal reservoir; C, thermal insulator; D, copper plates connected
DKDP with a size of 2.2 mnx 2.3 mmx 2.5 mm was putin to the calorimeter, TS1-TS4; Pt resistance thermometers.
a cylindrical aluminum pan with a diameter of 3.8 mm facing
a-plane andc-plane to the bottom of the pan. The sample
pan was set along the parallel direction to the ground and the
magnetic filed was applied along the perpendicular direction
to the ground. When the-plane orc-plane of DKDP crystal
was faced to (the bottom of) the aluminum pan, the magnetic
filed was applied along-axis orc-axis, respectively.

Before measuring the magnetic effect on the transition
of DKDP, the magnetic effect on the Pt thermometer due to
the magneto-resistance was measured. The magnetic effect
at 5T on TS1 was determined as described previou€y
The DSC was kept at room temperature of 288.65 K without
using temperature control and then the magnetic field of 5T L e
was applied three times to measure the magnetic effect on the ks ’
Pt thermometer TS1 as shownhig. 2. In Fig. 2, the base
temperature was corrected to be a flat line, since it drifted Fig. 2. The magnetic effectat5 T at 288.65 K on the Ptresistance thermome-
slowly due to the ambient temperature charfgjg. 2shows ~ ter TS1{16].
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. . } Fig.5. The DSC curves on the ferroelectric transitioa-giane DKDP with
Fig. 3. The magnetic effect on TS1 at various temperatures §16]T o .
9 9 P 416] the magnetic field of 5T at a heating rate of 1 mKsThe results of two

. . measurements at the same condition are shown.
that the magnetic effect at 5T on the Pt thermometer is re-
producﬂ_ole and it is obtained to be 18.2 mK at 288.65K. The crystal facinge-plane to the aluminum pan (which is abbre-
magnetic effe.ct on the Pt thgrmometer TS4ata d|st.ant IOlaceviated toc-plane DKDP hereafter) can also be reproducibly
from the maximum magnetic f'elq Of.5T as showrfiig. 1 ._measured with the same precision. The transition tempera-
was measured to be 0.4 mK, which is 2.2% of the magnetic ture of DKDP was 215.05 K. which is in the middle of the
effect on TS1. The magpetic eﬁ‘ect'on TS1 at other temper- two reported values of él3 a{nd 229X0,11]. The heat flux
atures was measured with controlling the j[emperature to l.)emeasurements on the ferroelectric transition of DKDP under
constant using the thermometer TS4, similarly as shown in the magnetic field of 5T were made five times at a heat-
Fig. 2. After the small magnetic effect on TS4 was corrected, ing rate of 1 mKs™ and the repeated two measurements are
the magnetic effect at 5T on TS1 at other temperatures Wasg n inFig. 5 for a-plane DKDP. The heat flux measure-
determined as shown ifig. 3. ments on the ferroelectric transition foplane DKDP under
the magnetic field of 5T can also be reproducibly measured
3. Results with the precision of+0.5 mK. The averaged results far
' andc-plane DKDP with the magnetic field of 5 T and without
The heat flux measurements on the ferroelectric transition :Ztsap%ig\r/]eel?/c fll_ﬁls ?rfniﬂ?%nt?r%?eer:'ﬁehxifﬁ mga:;s;gnr;e tic
sti[r)lK[t)hPeWDe;eCm'la'lgs ]:;/;}IIEE(};: ?;aegizgntgvgaﬁggslur?eﬁent field of 5T is slightly higher than that without the magnetic
for tge DKDP <;r stal facina- Ianpe to the aluminum oan Yield as seen ifrigs. 6 and 7. Since the shift of the transitional
(whichiis abbrevigted ta- Ia??epDKDP hereafter) are shrz)wn peak due to the magnetic field is slightly dependent on the
in Fig. 4, indicatin aImopst the same results. The transition peak position, the temperature shift was averaged over the
9. % 9 ' whole range of the transitional peak. The resultant tempera-

temperature can be reproducibly measured with the preci- . :
sion of+0.5mK. The transition temperature of the DKDP ture shift was obtained to be 5160.8 mK fora-plane DKDP
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Fig. 6. The comparison between the averaged DSC cunaglaine DKDP

Fig. 4. The DSC curves on the ferroelectric transitioragflane DKDP
with the magnetic field of 5T and without the magnetic field at a heating

without magnetic field at a heating rate of 1 mis The results of two
measurements at the same condition are shown. rate of 1 mKs't.
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and low temperature phases:
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Since the absolute magnetic susceptibility in the direction
of a-axisyais larger than that in the direction of theaxis x¢
for DKDP considering its crystal structufé], xa andxc are
regarded ag= and x_, respectively. In the case afplane
DKDP, where the magnetic field is applied alcagxis and
0 is 0°, Eq.(2) becomes:
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Fig. 7. The comparison between the averaged DSC cureplaihe DKDP 240 (Sh = $2)

with the magnetic field of 5T and without the magnetic field at a heating In the case ot-plane DKDP, where the magnetic field is
1 . . - '

rate of 1 mKs . applied alongs-axis andd is 90°, Eq. (2) becomes:

and 2.8 0.9 mK for c-plane DKDP. The higher transition B2\ (xeh — xc1)
temperature of DKDP due to the magnetic field shows that AT = — (2) (Sh—51)
the ferroelectric phase is stabilized by the magnetic field by Ho/ (Sh=51
some reason. Using the unpublished values for the diamagnetic suscep-

tibility of (x ah— xa1) and (jen — xc1) for a-plane ana-plane

[18], and the entropy change for the ferroelectric transition
4. Discussion of DKDP: §, — S =3.80 JK"tmol~1[19], AT for the ferro-

electric transition of DKDP foa- andc-plane are calculated

The DSC curves with and without the magnetic field for to be —0.5 and—1pK at 5T, respectively. The calculated

the ferroelectric transition of DKDP show that the ferroelec- values are both negative and the transition temperatures are
tric state becomes more stable than the paraelectric state bgxpected to shift to the lower temperature. The experimental
the application of the magnetic field. The relatively stable values for the shift of the transition temperature in the ferro-
state in the low temperature phase has also been found irelectric transition at 5 TAT for a-plane DKDP: 5.6 mK and
the phase transitions insgHgs, EBBA, MBBA, H,O and for c-plane DKDP: 2.8 mK, are both positive, contradicting
D,0[13,14,16,17]. The effects of an applied magnetic field the calculated values. Therefore, it is very difficult to make a
on the phase transitions of these compounds were discussetheoretical explanation on the positive temperature shifts of
on the basis of a simple extension of the Clapeyron equationthe ferroelectric transition of DKDP due to the strong mag-

(4)

[13,14,16,17]. netic field.
When we consider a diamagnetic substance at tempera- These facts would show that the temperature shifts of the
tures near the phase transition, which has an afgléth ferroelectric transition of DKDP due to the strong magnetic

respect to the magnetic field, the molar Gibbs energy changefield cannot be explained by the simple application to Egs.
dG including the magnetic effect is represented by the fol- (3) and (4), if we use the values for the diamagnetic sus-
lowing equation: ceptibility of DKDP [18] and use the results of the entropy
B changd19]. Since the entropy changen(S S), is definitely
dG = —SdT — () (x.L Sin? 6 + x— co< 6)dB (1) positive and its magnitude is considered to be correct, the
Ho difference between the experiment and the calculation may
whereSis the molar entropyy, and x- are the diamag-  be due to directly using the data of diamagnetic susceptibil-
netic susceptibility perpendicular and parallel to the molecu- ity. There must exist another important contribution in the
lar axis, respectively, arBlis the magnetic flux. Singg, and ~ Magnetic susceptibility under a strong magnetic field. One
x= are both negative values, the second term of(Epjbe- possible explanation would be the one made in the case of
comes positive and then the system becomes unstable by apt20 and O [16]. According to Ramse}20], the magnetic
plying the magnetic field. When the phase transition is under susceptibilityx of a diamagnetic molecule is expressed as:
way, the molar Gibbs energy at the high temperature phase isX — ytatic+ xnt )
equal to the low temperature phase to give, @G, where
subscript h and | mean the high temperature and the low tem-where the first term is the usual diamagnetic susceptibility
perature phase, respectively. Then the shift of the transitionand the second term is the high frequency term due to molec-
temperature by the application of the magnetic fiald, be- ular motions such as rotation and vibration under a strong
comes as by integrating of differential of H4.) in the high magnetic field. He also gave a theoretical equatiog.pfor
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the rotational part of diatomic moleculgX)]. Since the dia- frequency magnetic susceptibility proposed by Ramsey
magnetic susceptibility is measured statically, such as usingis predominant, the experimental data are understandable
a microbalance and SQUID, the high frequency term is not using the magneto-Clapeyron equation. The thermal motion
included in the usual diamagnetic susceptibility. In the case of constituent ions in DKDP is considered to be suppressed
of H,O and DO [16], although the experimental temperature due to Lorentz force under the magnetic field, resulting in
shifts AT were proportional to the square of the strong mag- the low temperature phase to be more stable.
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 largerAcknowledgements
experimental values of #0 and DO, the high frequency ) .
term expressed by E¢5) was taken into account. For a po- The authors would like to thank emeritus professor
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trons in the atoms cannot be cancelled completely. Then thecrocalorimetry Research Center, Faculty of Science, Osaka
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