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Thermodynamic investigation of the magnetic phase transitions of CaMn@and SrRuO;

J.J. Neumeiet? A.L. Cornelius® and K. Andreé
1Department of Physics, Florida Atlantic University, Boca Raton, Florida 33431
2Walther-Meissner-Institut, Walther-Meissner-Strasse 8, D-85748 Garching, Germany
3Department of Physics, University of Nevada Las Vegas, Las Vegas, Nevada, 89154-4002
(Received 10 November 2000; revised manuscript received 5 July 2001; published 5 October 2001

Measurements of the linear thermal expansidil and molar heat capacit¢, at constant pressure are
presented on antiferromagnetic CaMnp@nd ferromagnetic SrRuQOin the neighborhood of their magnetic
phase transitions. The jumps in the linear thermal-expansion coeffigiemtd Cp are used to calculate the
influence of pressure on the magnetic ordering temperailyrgsough the Ehrenfest relation. Good agreement
is obtained with measured values@f./dP.
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Second-order phase transitions are typically characterizedetic order parametér.Typically, these type of phase
according to a scheme due to Ehrenfe$he lowest-order transitions would be handled within the framework of the
derivative of the Gibbs function’& that shows a disconti- modern theory of critical phenomena. However, this theory
nuity at the phase transition gives the order of the transitiondoes not at present possess a simple expression from which
For example, in the case of a second-order phase transitiof;T_/dP; values can be calculated. Following the guidelines
the thermodynamic variables volure=(dG/dP)T, and en-  of Ehrenfest if the volume and entropy remain continuous
tropy S=—(JdG/4T)P, are continuous at the phase transi- 5cross the phase transition, Edj) should remain valid. Re-
tion. Their derivatives, which are the second derivatives Ofcently, Eq.(1) was applied in the study of k@St ;MnOs,

G, however, are discontinuous leading to the characterizatiophich is a ferromagnet belonging to a class known to exhibit

as a second-order p.has?- transition. Th_e transition from NOkn unusually large magnetoresistancood agreement was
mal to superconducting in zero magnetic field is considere

. ound with the pressure derivative of its Curie temperature. It
to bear the closest resemblance to an ideal second-ord b b

. . . S eared of value to investigate the application of @Eyto
phase transition. The Ehrenfe;t rglatlon establishes a conne fhper interesting magnetic ssstems wﬁiih is the ot()ﬁigctive of
tion between the pressure derivative of the phase transmon%} ’

critical temperaturd ., the jump in the volume thermal ex- the present wor_k. n thi.‘c’ case we report on thermal expansion
pansion coefficien, A, and the jump in the molar heat and heat capacity studies of polycrystalline CaMn®well-

capacityCp, ACp. It is given by known antiferromagnet, and find good agreement between
the measured value afT./dP and that calculated through
d A Eq. (1). We also report on thermal-expansion measurements
Te B _ o
ap ~VTeacs (1)  of the ferromagnet SrRuQwhich has the distinction of be-
P

ing the only transition-metal ferromagnet devoid of d 3
wherev is the molar volume. This relation also holds in €lement. With the help of published heat-capacity Héta
anisotropic materials if the pressuPds replaced by uniaxial ACp we calculatedT./dP and also find good agreement
stressP; in theith crystallographic direction and g is re-  with measured values. These results suggest that similar
placed by the thermal-expansion jumgy; in the same di- Studies on single-crystalline low-dimensional magnetic sys-
rection. In recent years the Ehrenfest relation has been entems would successfully yield the uniaxial pressure deriva-
ployed in the study of high-quality single crystals of high tivesdT.;/dP;.
temperature® and organit¢ superconductors to reveal the  The polycrystalline sample of CaMnOwas prepared
uniaxial pressure derivativesT./d P; for the transition tem-  from high-purity CaCQ and MnG,. Stoichiometric quanti-
perature to the superconducting stdte. Excellent agree- ties were weighed and mixed with an agate mortar and pestle
ment with directly measured values @T./dP;, as well as for 7 min followed by reaction for 20 h at 1100°C. The
the hydrostatic pressure derivatiad,/dP, have been ob- specimen was reground for 5 min, reacted for 20 h at
tained. 1150°C, reground for 5 min, reacted for 20 h at 1250°C,

Similar studies in low-dimensional magnetic systemsreground for 5 min, reacted for 46 h at 1300 °C, reground for
could be of interest to probe the existence of anisotropy irb min, pressed into pellets, reacted for 17 h at 1300°C and
the magnetic interaction. However, the phase transition besooled at 0.4 °C/min to 30 °C. lodometric titration, to mea-
tween paramagnetic and antiferromagnefic ferromag- sure the average Mn valence, indicates the oxygen content
netic) behavior often does not possess the character typicdhlls within the range 3.080.01. The polycrystalline
of an ideal second-order phase transttionthat it deviates SrRuQ, sample was prepared from high-purity Srgénd
slightly from the form expected for a second-order phaseRuO, powders in a similar manner and reacted at 1100°C
transition through a divergence above and below the transior 20 h. The specimen was reground for 8 min, reacted for
tion. This arises because of magnetic anisotropy that in48 h at 1175 °C, reground for 8 min and reacted at 1250°C
creases the number of components associated with the maipr 20 h. Finally, the specimen was reground for 8 min,
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linear thermal expansion is continuous through the transition,
as typical for a second-order phase transition. We note that a
FIG. 1. (a) Molar heat capacitfp is plotted versus temperature more detailed plot oAl/l nearT, (with temperature spacing
in the region near the antiferromagnetic phase transition forof 0.02 K) also reveals a continuous transition. A point-by-
CaMnG;. The dashed lines indicate the extrapolations used to depoint derivative of these datapaced at either 0.5 K or 1)K
termine the jump irCp at the phase transitiohCp . (b) The linear  yjelded the linear thermal-expansion coefficienthat is also
thermal expansion coefficient is plotted versus temperature near plotted in Fig. 1b). As with the heat-capacity data, straight
the phasg transitipn; thg dashed lines depict. t.he extrapolgtions us@fles are drawn through the data above and beTguillus-
to determine the jump i at the phase transitiofia. In the inset  y4ing the form of an ideal second-order phase transition; for
the I|ne_ar thermal expansiahl/I| is plotted versus temperature in o Laat capacity and thermal-expansion data the dashed
the region near the phase transition. lines are also consistent with an entropy-conserving con-
struction often used in the analysis of phase transitions. A
pressed into pellets, and reacted at 1280 °C for 20 h. Powdalue of Ae=—3.06x 10 °+0.18x10 ® K™ ! is obtained.
x-ray diffraction revealed no secondary phases in eithe’he shape of both transitions differs from that observed in
specimen; this technique can detect such phases only if thdyigh-temperature superconductot$'*?in that bothCp and
are above the 2% level. Both specimens possess orthorhom-diverge slightly asT, is approached from below. The su-
bic crystal structures. The linear thermal expansion was megserconductors more closely approximate an ideal second-
sured using a capacitive dilatometer constructed of higherder phase transition, although anisotropies can lead to fluc-
purity quartz® the samples were warmed slowly through thetuations and deviations from mean-field behatiaklthough
magnetic transition at a rate less than 70 mK/min. It is asthe shape of the transition in CaMgQleviates from the
sumed that the obtained thermal-expansion data represent #lealized behavior, this is quite common. Most importantly,
average over all crystallographic directions. The heat capa®@ur measurements clearly reveal continuity in the volume
ity was measured using a standard thermal relaxation tectihrough the phase transition and hence the second-order na-
nique. ture. The values foACp and A 8=3A « obtained from the
The magnetic properties of the CaMnGpecimen were data in Fig. 1 can now be used to calculdig /d P with Eq.
recently presented in another pafeOur measurements of (1). The molar volume is calculated with the lattice
the molar heat capacity near the magnetic ordering temperaaramete® for the CaMnQ unit cell of 3.73 A andT,
ture are illustrated in Fig. (4 whereC; is plotted versus =124.2 K. A value ofdT,/dP=3.60+0.51 K/GPa is ob-
temperaturél. Taking theCp data, dividing by the tempera- tained which agrees, within experimental error, with the
ture, and then integrating provides the entropy which is conmeasured valdé of dT./dP=4.2+0.2 K/G Pa.
tinuous (not shown. To determine the jump iICp at the We now turn to our linear thermal expansion measure-
Ned temperatureT,=124.2 K we draw two straight lines ments of SrRu@that are displayed in Fig. 2. In the inset the
through the data above and beldw as depicted by the linear thermal expansioal/l is displayed versus tempera-
dashed lines in the figure. The dashed lines indicate the forrture in the region near the ferromagnetic Curie temperature
of an ideal second-order phase transition as describablE.; Al/l versusT is clearly continuous through the phase
within a mean-field theory. This method provides the valuetransition, this is also the case for a more detailed data set
ACp=—-9.9+0.7 J/mole-K for CaMn@. with temperature spacing of 0.02 K. A point-by-point deriva-
Linear thermal expansioAl/l is plotted versus tempera- tive of the data yields the linear thermal expansion coeffi-
ture in the inset of Fig. (b). The measurements were con- cient a. It is interesting to note that the obtainedcurve

temperature (K)
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bears a close resemblance to that observed in ferromagnetity thermodynamic parameters and the Ehrenfest relation. In
Invar alloys>*®wherea decreases significantly belof as  addition, these two systems illustrate thermodynamic transi-
a result of the ferromagnetic transition. As in Fig. 1, straighttions with both positive and negativ#T,/dP values. Our
lines are drawn through the data to determine the jum@ in results indicate that the Ehrenfest relation yields reliable val-
at T,=162.4 K, which is found to be\a=2.68<10"°  yes fordT,/dP in both antiferromagnetic CaMngand fer-
+0.22<10°° K™% the dashed lines closely approximate anromagnetic SrRug) although the method may have higher
entropy-conserving construction. A small divergencexifs  yncertainties than direct measurement due to the deviation in
observed as the transition is approached from above or b@nape of the transitions from that expected for ideal second-
low, similar to that observed in CaMnOWe destermlne order transitions and the manner in which one extrapolates
ACp=—6.5+0.5 J/mole-K from publishe@p data- Using  near the transition to determine the jump. The results pre-
these values ofAa and ACp along with the lattice genteq herein and our previous experimbatsygest that the
parameter’ of 3.92 A our calculatl(_)n using Ed1) y|e|d§ uniaxial pressure derivativesT./dP; in such systems can
dT./dP=—7.28£1.25 K/GPa which agrees well with also be obtained through similar analysis. Such investiga-

measured values ofiT./dP (—7.9 K/IGPa, —5.7+0.2 . . ’ . i
K/G Pa, and—6.3 K/G Pa)1.7‘19 We note that SrRuQis tIOI’!S would prope the gxstence of anisotropy in the mag
netic exchange interaction.

known to exhibit a very large magnetic anisotréPyit
would be of interest to obtain the uniaxial pressure deriva-
tives dT./dP; through thermal expansion measurements of We acknowledge valuable discussions with Michael Kund
single crystals. If anisotropy were to exist among theand Yi-Kuo Yu as well as financial support from NSF con-
dT./dP; values, it might provide insight into the destruction tract DMR-9982834(J.J.N), NATO contract CRG 970260
of ferromagnetism observed to result as Ca is substituted fod.J.N. and K.A), the Bayerische Akadamie der Wissen-
Srin SrRuQ@. schaften(J.J.N. and K.A, DOE/EPSCoR Contract No. DE-
The results presented above illustrate good agreement bEG02-00ER45835A.L.C.), and DOE Cooperative Agree-
tween measured values dff./dP and those calculated us- ment Grant No. DE-FC08-98NV1341@.L.C.).
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