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SPECIFIC HEAT ON Sr;Nb,0; AND Sr,Ta,0,
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Specific heats on the single crystals of Sr,Nb,O; , Sr,Ta,0; and (Sr;_Ba,),Nb,O; were measured in a wide temperature range of
2-600 K. Heat anomalies of a A-type were observed at the incommensurate phase transition of Tinc (495 K) on Sr,Nb,O- and at the
super-lattice phase transition of 7 (=443 K) on Sr,Ta,O7; the transition enthalpies and the transition entropies were estimated. Fur-
thermore, a small heat anomaly was observed at the low temperature ferroelectric phase transition of 71 ow (=95 K) on SroNb,O.

The transition temperature 77 ow decreases with increasing Ba content x and it vanishes for samples of x>2%.
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Introduction

Sr,Nb,O; (abbreviate as SN) and Sr,Ta,0; (abbrevi-
ate as ST) belong to A,B,0;-type ferroelectrics with a
layered perovskite structure. SN has a very high ferro-
electric Curie temperature of 7c=1615K [1], and
takes place a normal incommensurate phase transition
at Tine=493 K [2, 3]. Above T¢ the space group is as-
sumed to be Cmem-D,, in analogy to the paraelectric
phase of ST, and below 7 the established space
group is Cmc2,-C,. [4]. Furthermore, SN takes place
another ferroelectric phase transition at a low temper-
ature of T ow=100 K [5, 6]. Since SN has a low coer-
cive field and a low dielectric constant at room tem-
perature, it is promising for lead-free and non-volatile
ferroelectric memory-devices based on FETs, as
pointed out by Fujimori et al. [7]. On the other hand,
ST shows a super-lattice phase transition at
Ts1=443 K [3, 8], and a ferroelectric phase transition
at Tc=166 K [1, 8]. In a solid solution of Sr,Nb,0;
and Sr,Ta,05, the ferroelectric Curie temperature 7c
decreases steeply from 1615 to 166 K with increasing
Ta content [1]. By contrast, the incommensurate
phase transition temperature Tinc changes little even
if the Ta content increases, and the Tpc connects to
the super-lattice phase transition temperature 75 of
ST [9]. Recently, we have investigated a new system
of (Sr;_xBay),Nb,O; and found that the phase transi-
tions at Tine and Tiow decrease with increasing Ba
content x and disappear near x=2—4% [10, 11]. As for
the specific heat C, on these crystals, a peculiar heat
anomaly was observed at Tiyc recently [10, 12], but
no anomaly was observed near Tiow [10]. Further-
more, there is no useful information about C, on ST,
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as long as we know. In this paper, we investigate in de-
tail the specific heat on the single crystals of Sr,Nb,O,
Sr,Ta,07 and (Sr;_Bay), Nb,O; with x<2%, in a wide
temperature range of 2—-600 K.

Experimental

The single crystals were grown in an O, flow by a
floating zone method using a FZ furnace (Crystal sys-
tems Inc). The starting materials were SrCO;
(99.9%), BaCOj3 (99.9%), Nb,Os5 (99.98%) and Ta,0s
(99.98%). Heat capacity was measured using two
types of equipment: a fully automated measurement
system of relaxation heat capacity (Quantum Design,
a heat capacity module of PPMS) and an AC calorim-
eter (ULVAC, ACC1-M/L). They were used in a tem-
perature range of 2-250 and 200-600 K, respectively.
For the heat capacity measurement using PPMS, a
single crystal with weight of about 20 mg was put
with apiezon L grease on the sample stage. For the
AC calorimeter, a thin plate-like crystal prepared by
cleavage was attached to an E type thermocouple with
a diameter of 20 wm using a silver paste. A heat ca-
pacity anomaly by the E type thermocouple at 410 K
was removed numerically after the measurement.

Results and discussion

Specific heat C, vs. T curves, measured on the single
crystals of SN and ST, are shown in Figs 1 and 2, re-
spectively. The C, is composed of two kinds of data
obtained by PPMS below 250 K and by an AC calo-
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rimeter above 230 K. Because the AC calorimeter
gives only relative values of C,, the absolute values
were determined as the data of the AC calorimeter co-
incide with those of PPMS in a temperature range of
230-250 K. A broad anomaly of the specific heat is
seen around Tinc on SN (the inset of Fig. 1); similarly,
a typical A-type anomaly is seen around 7. on ST (the
inset of Fig. 2). However, at the temperatures below
300 K, we cannot see any heat anomalies on the both
crystals of SN and ST (Figs 1 and 2, respectively).

For estimating excess specific heat AC, caused by
the phase transition, we must draw a baseline that is the
normal portion of the specific heat. The solid lines in
Figs 1 and 2 were obtained on an assumption that a
polynomial function holds for Cy(base) in a limited tem-
perature range of 260—590 K for SN, and of 300465 K
for ST: Cy(base)=a+bT YT +dT+eT?, where a, b, c,d
and e are constants. These constants were calculated by
the method of least squares fitting to the data in the
ranges of 260-360 and 530-590 K for SN, and in the
ranges of 260-350 and 455-465 K for ST.

The obtained excess specific heats, AC,=
C,—Cp(base), for the two phase transitions at Tiyc and
Ts. are shown together in Fig. 3 for comparison. As
seen in the figure, the incommensurate phase transi-
tion shows broad change over a wide temperature re-
gion of 350-520 K. By contrast, the super-lattice
transition shows a relatively sharp change in compari-
son with that of Tiyc; the maximum value of AC,
reaches about 11 J mol™ K" and the phase transition
occurs in a rather narrow temperature region of
350460 K. These relatively broad and continuous
behaviors near the transition temperatures indicate
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Fig. 1 Specific heat C;, on the Sr,Nb,Oy single crystal
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that the both transitions at Tiyc and Tg; are of the sec-
ond order.

The AC, vs. T curves have small bumps near
410 K (Fig. 3). They are probably due to a heat anom-
aly of the E-type thermocouple used in this experi-
ment. Most of the thermocouple’s anomaly was re-
moved numerically from the raw data after the experi-
ment, but a small anomaly would be able to remain if
there were another heat anomaly near 410 K.

The transition enthalpy AH was calculated from
the excess specific heat AC,, as shown in Fig. 4. The
transition temperature can be determined as an inter-
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Fig. 2 Specific heat C,, on the Sr,Ta,05 single crystal
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Fig. 3 Excess specific heat AC, associated with the incom-
mensurate phase transition at 7jyc on SN and the
super-lattice phase transition at 75, on ST
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section of the extrapolated lines of AH from the
straight portions above and below the transition point:
that is, Tinc and Tsp become 495 and 443 K, respec-
tively. These values of the transition temperatures
agree well with results of the dielectric constant
[2, 8], the Raman scattering [13, 14], and the electron
microscope [3]. The transition enthalpy AH and tran-
sition entropy AS are respectively estimated as
2.91-10* Jmol ' and 5.87-10" Jmol 'K for Tinc,
and as 3.56:10° Jmol ' and 8.04-10"' J mol 'K for
Tsp. These small values of the transition entropy may
be attributed to that the phase transitions are a
displacive type, as confirmed by existence of soft
modes near Tiyc and T [13, 14].

Previously, Shabbir and Kojima reported the AC,
of SN [12], where they measured the heat capacity of
SN using DSC. Curiously, their absolute values of C,
around Tinc are half of our results. Moreover, the data
showed a sharp peak around 487 K, like as the AC, of
ST in Fig. 2. They estimated the transition entropy AS at
Tinc as 0.71 Jmol ' K ™!, which is a little larger than the
present value of AS=5.87-10"Jmol' K. Since the
temperature resolution of AC calorimetry is higher
than that of DSC in general, we must mention why the
AC,on SN in Fig. 1 does not show a sharp peak. In or-
der to check this point, we measured C,, using several
samples of SN, but all of our samples showed a broad
anomaly at Tiyc like Fig. 1. In our AC calorimetry, a
thin crystal sample is attached to a thermocouple by a
silver paste of small amounts, so that it may be possi-
ble that a kind of elastic strain induced by the contact
gives unfavourable influence on the phase transition.
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Fig. 4 Transition enthalpy AH associated with the incommen-
surate phase transition at 7jyc on SN and with the
super-lattice phase transition at 7s; on ST

TIK AH/Tmol™  AS/J mol 'K!
Tse 443 356 0.804
Tine 495 291 0.587
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In order to reveal the specific heat anomaly
around 7iow, we reinvestigated C, on SN in detail.
The C,/T values on SN and ST are shown in Fig. 5 as
a function of temperature. The specific heat of ST
changes smoothly over the whole temperature range.
Comparing the C, vs. T curves between ST and SN,
we can notice that C,, of ST is larger than that of SN at
temperatures between 50 and 200 K and C, of ST co-
incides with those of SN at temperatures below 30
and above 200 K. These differences of C, between
SN and ST at temperatures of 50-200 K are probably
due to a broad and dispersive nature of the ferroelec-
tric phase transition at 7c=166 K on ST, as it is known
that the dielectric constant of ST behaves like relaxor
near 7c [8]. Another peculiar behavior is that SN
shows a small jump of AC,/C,;=0.58% at 95K, as
clearly shown in the inset of Fig. 5.
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Fig. 5 C,/T vs. T relations on Sr,Nb,O7 and Sr,Ta,0; single
crystals
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Fig. 6 C,/T vs. T relations on (Sr;_Bay),Nb,O; single crystals

Figure 6 shows the C,,/T behavior in the low tem-
perature region for the Ba doped crystals,
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(Sr; xBay),Nb,O;. As seen in the figure, the small
jump at 95 K for x=0% decreases its temperature as
the Ba content increases: the jump occurs at 83 K for
x=0.5% and at 63 K for x=1.0%. Above about x=2%,
we could not observe these small changes in C,.
These results agree well with our primitive results of
the dielectric constant €, along the b-axis. The g,
shows a peak around 7;ow=100 K for x=0 crystals.
The Tiow decreases with increasing Ba content and
disappears for x=2—4% crystals. Thus the small heat
anomaly in Fig. 6 is certainly due to the phase transi-
tion at 77 ow.

Conclusions

Specific heats on the single crystals of Sr,Nb,O,,
Sr,Ta,0; and (Sr; 4Bay),Nb,O; were measured in a
wide temperature range of 2—600 K. Specific heat
anomalies were observed at the incommensurate phase
transition of Tine (=495 K) on SrpNb,O; and at the
super-lattice phase transition of Tgsp (=443 K) on
Sr,Ta,05. The transition enthalpy AH and transition en-
tropy AS were respectively estimated as 2.91-10* J mol '
and 5.8710"'Jmol "K' for T, and as
3.56:10° Jmol ' and 8.04-10" Jmol 'K for Ts. A
small heat anomaly was observed at the low temperature
ferroelectric phase transition of Tiow (=95 K) on
Sry)Nb,O;. The transition temperature 710w decreases
with increasing Ba content x and vanishes around x=2%.

Acknowledgements

This work was partly supported by the collaborative research
project of Material and Structures Laboratory, Tokyo Institute

540

of Technology, and by a Grant-in-Aid for Scientific Research
(No. 14340094) from the Japan Society for the Promotion of
Science.

References

1 S. Nanamatsu, M. Kimura and T. Kawamura, J. Phys. Soc.
Jpn., 38 (1975) 817.
2 K. Ohi, M. Kimura, H. Ishida and H Kakinuma, J. Phys.
Soc. Jpn., 46 (1979) 1387.
3 N. Yamamoto, K. Yagi, G. Honjo, M. Kimura and
T. Kawamura, J. Phys. Soc. Jpn., 48 (1980) 185.
4 N. Ishizawa, F. Marumo, T. Kawamura and M. Kimura,
Acta Crystallogr., B 31 (1975) 1912.
5 Y. Akishige, Y. Kobayashi, K. Ohi and E. Sawaguchi,
J. Phys. Soc. Jpn., 55 (1986) 2270.
6 V. Bobnar, P. Lunkenheimer, J. Hemberger, A. Loidl,
F. Lichtenberg and J. Mannhart, Phys. Rev.,
B 65 (2002) 155115.
7 Y. Fujimori, N. Izumi, T. Nakamura and A. Kamisawa,
Jpn. J. Appl. Phys., 37 (1998) 5207.
8 Y. Akishige and K. Ohi, J. Phys. Soc. Jpn., 61 (1992) 1351.
9 N. Yamamoto, M. Nakamura, K. Yagi and K. Ohi,
J. Phys. Soc. Jpn., 49 Suppl. B (1980) 95.
10 Y. Akishige, M. Kamata and K. Fukano, J. Korean Phys.
Soc., 42 (2003) S1187.
11 A. Hushur, Y. Akishige and S. Kojima, Ceramics Interna-
tional, 30 (2004) 2023.
12 S. Shabbir and S. Kojima, J. Phys. D: Appl. Phys.,
36 (2003) 1036.
13 S. Kojima, M. Takashige, T. Nakamura, K. Ohi and
H. Kakinuma, Solid State Commun., 31 (1979) 755.
14 S. Kojima, K. Ohi and T. Nakamura, Solid State
Commun., 35 (1980) 79.

DOI: 10.1007/s10973-005-7076-y

J. Therm. Anal. Cal., 81, 2005




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>







    /HEB (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


