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Thermodynamic investigation of the magnetic phase transitions of CaMnO3 and SrRuO3
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Measurements of the linear thermal expansionD l / l and molar heat capacityCP at constant pressure are
presented on antiferromagnetic CaMnO3 and ferromagnetic SrRuO3 in the neighborhood of their magnetic
phase transitions. The jumps in the linear thermal-expansion coefficienta and CP are used to calculate the
influence of pressure on the magnetic ordering temperaturesTc through the Ehrenfest relation. Good agreement
is obtained with measured values ofdTc /dP.
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Second-order phase transitions are typically character
according to a scheme due to Ehrenfest.1 The lowest-order
derivative of the Gibbs function’sG that shows a disconti
nuity at the phase transition gives the order of the transit
For example, in the case of a second-order phase trans
the thermodynamic variables volumeV5(]G/]P)T, and en-
tropy S52(]G/]T)P, are continuous at the phase tran
tion. Their derivatives, which are the second derivatives
G, however, are discontinuous leading to the characteriza
as a second-order phase transition. The transition from
mal to superconducting in zero magnetic field is conside
to bear the closest resemblance to an ideal second-o
phase transition. The Ehrenfest relation establishes a con
tion between the pressure derivative of the phase transiti
critical temperatureTc , the jump in the volume thermal ex
pansion coefficientb, Db, and the jump in the molar hea
capacityCP , DCP . It is given by

dTc

dP
5vTc

Db

DCP
, ~1!

where v is the molar volume. This relation also holds
anisotropic materials if the pressureP is replaced by uniaxia
stressPi in the i th crystallographic direction andDb is re-
placed by the thermal-expansion jumpDa i in the same di-
rection. In recent years the Ehrenfest relation has been
ployed in the study of high-quality single crystals of hig
temperature2–4 and organic5 superconductors to reveal th
uniaxial pressure derivativesdTc /dPi for the transition tem-
perature to the superconducting stateTc . Excellent agree-
ment with directly measured values ofdTc /dPi , as well as
the hydrostatic pressure derivativedTc /dP, have been ob-
tained.

Similar studies in low-dimensional magnetic syste
could be of interest to probe the existence of anisotropy
the magnetic interaction. However, the phase transition
tween paramagnetic and antiferromagnetic~or ferromag-
netic! behavior often does not possess the character typ
of an ideal second-order phase transition1 in that it deviates
slightly from the form expected for a second-order pha
transition through a divergence above and below the tra
tion. This arises because of magnetic anisotropy that
creases the number of components associated with the
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netic order parameter.6 Typically, these type of phase
transitions would be handled within the framework of t
modern theory of critical phenomena. However, this the
does not at present possess a simple expression from w
dTc /dPi values can be calculated. Following the guidelin
of Ehrenfest,1 if the volume and entropy remain continuou
across the phase transition, Eq.~1! should remain valid. Re-
cently, Eq.~1! was applied in the study of La0.83Sr0.17MnO3,
which is a ferromagnet belonging to a class known to exh
an unusually large magnetoresistance.7 Good agreement wa
found with the pressure derivative of its Curie temperature
appeared of value to investigate the application of Eq.~1! to
other interesting magnetic systems, which is the objective
the present work. In this case we report on thermal expan
and heat capacity studies of polycrystalline CaMnO3, a well-
known antiferromagnet, and find good agreement betw
the measured value ofdTc /dP and that calculated throug
Eq. ~1!. We also report on thermal-expansion measureme
of the ferromagnet SrRuO3, which has the distinction of be
ing the only transition-metal ferromagnet devoid of a 3d
element. With the help of published heat-capacity data8 for
DCP we calculatedTc /dP and also find good agreemen
with measured values. These results suggest that sim
studies on single-crystalline low-dimensional magnetic s
tems would successfully yield the uniaxial pressure deri
tives dTc /dPi .

The polycrystalline sample of CaMnO3 was prepared
from high-purity CaCO3 and MnO2. Stoichiometric quanti-
ties were weighed and mixed with an agate mortar and pe
for 7 min followed by reaction for 20 h at 1100 °C. Th
specimen was reground for 5 min, reacted for 20 h
1150 °C, reground for 5 min, reacted for 20 h at 1250 °
reground for 5 min, reacted for 46 h at 1300 °C, reground
5 min, pressed into pellets, reacted for 17 h at 1300 °C
cooled at 0.4 °C/min to 30 °C. Iodometric titration, to me
sure the average Mn valence, indicates the oxygen con
falls within the range 3.0060.01. The polycrystalline
SrRuO3 sample was prepared from high-purity SrCO3 and
RuO2 powders in a similar manner and reacted at 1100
for 20 h. The specimen was reground for 8 min, reacted
48 h at 1175 °C, reground for 8 min and reacted at 1250
for 20 h. Finally, the specimen was reground for 8 m
©2001 The American Physical Society06-1
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pressed into pellets, and reacted at 1280 °C for 20 h. Pow
x-ray diffraction revealed no secondary phases in eit
specimen; this technique can detect such phases only if
are above the 2% level. Both specimens possess orthorh
bic crystal structures. The linear thermal expansion was m
sured using a capacitive dilatometer constructed of hi
purity quartz;9 the samples were warmed slowly through t
magnetic transition at a rate less than 70 mK/min. It is
sumed that the obtained thermal-expansion data represe
average over all crystallographic directions. The heat cap
ity was measured using a standard thermal relaxation t
nique.

The magnetic properties of the CaMnO3 specimen were
recently presented in another paper.10 Our measurements o
the molar heat capacity near the magnetic ordering temp
ture are illustrated in Fig. 1~a! whereCP is plotted versus
temperatureT. Taking theCP data, dividing by the tempera
ture, and then integrating provides the entropy which is c
tinuous ~not shown!. To determine the jump inCP at the
Neél temperatureTc5124.2 K we draw two straight lines
through the data above and belowTc as depicted by the
dashed lines in the figure. The dashed lines indicate the f
of an ideal second-order phase transition as describ
within a mean-field theory. This method provides the va
DCP529.960.7 J/mole-K for CaMnO3.

Linear thermal expansionD l / l is plotted versus tempera
ture in the inset of Fig. 1~b!. The measurements were co

FIG. 1. ~a! Molar heat capacityCP is plotted versus temperatur
in the region near the antiferromagnetic phase transition
CaMnO3. The dashed lines indicate the extrapolations used to
termine the jump inCP at the phase transitionDCP . ~b! The linear
thermal expansion coefficienta is plotted versus temperature ne
the phase transition; the dashed lines depict the extrapolations
to determine the jump ina at the phase transitionDa. In the inset
the linear thermal expansionD l / l is plotted versus temperature i
the region near the phase transition.
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ducted on a 0.84 mm long polycrystalline specimen. T
linear thermal expansion is continuous through the transit
as typical for a second-order phase transition. We note th
more detailed plot ofD l / l nearTc ~with temperature spacing
of 0.02 K! also reveals a continuous transition. A point-b
point derivative of these data~spaced at either 0.5 K or 1 K!
yielded the linear thermal-expansion coefficienta that is also
plotted in Fig. 1~b!. As with the heat-capacity data, straig
lines are drawn through the data above and belowTc illus-
trating the form of an ideal second-order phase transition;
the heat capacity and thermal-expansion data the da
lines are also consistent with an entropy-conserving c
struction often used in the analysis of phase transitions
value ofDa523.063102660.1831026 K21 is obtained.
The shape of both transitions differs from that observed
high-temperature superconductors2,3,11,12in that bothCP and
a diverge slightly asTc is approached from below. The su
perconductors more closely approximate an ideal seco
order phase transition, although anisotropies can lead to fl
tuations and deviations from mean-field behavior.21 Although
the shape of the transition in CaMnO3 deviates from the
idealized behavior, this is quite common. Most important
our measurements clearly reveal continuity in the volu
through the phase transition and hence the second-orde
ture. The values forDCP andDb53Da obtained from the
data in Fig. 1 can now be used to calculatedTc /dP with Eq.
~1!. The molar volume is calculated with the lattic
parameter13 for the CaMnO3 unit cell of 3.73 Å andTc
5124.2 K. A value ofdTc /dP53.6060.51 K/GPa is ob-
tained which agrees, within experimental error, with t
measured value14 of dTc /dP54.260.2 K/G Pa.

We now turn to our linear thermal expansion measu
ments of SrRuO3 that are displayed in Fig. 2. In the inset th
linear thermal expansionD l / l is displayed versus tempera
ture in the region near the ferromagnetic Curie tempera
Tc ; D l / l versusT is clearly continuous through the phas
transition, this is also the case for a more detailed data
with temperature spacing of 0.02 K. A point-by-point deriv
tive of the data yields the linear thermal expansion coe
cient a. It is interesting to note that the obtaineda curve

r
e-

ed

FIG. 2. The linear thermal expansion coefficienta is plotted
versus temperature near the ferromagnetic transition tempera
for SrRuO3. The dashed lines indicate the extrapolations used
determine the jump ina at the phase transitionDa. In the inset the
linear thermal expansionD l / l is shown in the same temperatu
region.
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bears a close resemblance to that observed in ferromag
Invar alloys15,16wherea decreases significantly belowTc as
a result of the ferromagnetic transition. As in Fig. 1, straig
lines are drawn through the data to determine the jump ia
at Tc5162.4 K, which is found to beDa52.6831026

60.2231026 K21; the dashed lines closely approximate
entropy-conserving construction. A small divergence ina is
observed as the transition is approached from above or
low, similar to that observed in CaMnO3. We determine
DCP526.560.5 J/mole-K from publishedCP data.8 Using
these values ofDa and DCP along with the lattice
parameter17 of 3.92 Å our calculation using Eq.~1! yields
dTc /dP527.2861.25 K/G Pa which agrees well with
measured values ofdTc /dP (27.9 K/G Pa, 25.760.2
K/G Pa, and26.3 K/G Pa).17–19 We note that SrRuO3 is
known to exhibit a very large magnetic anisotropy.20 It
would be of interest to obtain the uniaxial pressure deri
tives dTc /dPi through thermal expansion measurements
single crystals. If anisotropy were to exist among t
dTc /dPi values, it might provide insight into the destructio
of ferromagnetism observed to result as Ca is substituted
Sr in SrRuO3.

The results presented above illustrate good agreemen
tween measured values ofdTc /dP and those calculated us
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-
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T
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addition, these two systems illustrate thermodynamic tra
tions with both positive and negativedTc /dP values. Our
results indicate that the Ehrenfest relation yields reliable v
ues fordTc /dP in both antiferromagnetic CaMnO3 and fer-
romagnetic SrRuO3, although the method may have high
uncertainties than direct measurement due to the deviatio
shape of the transitions from that expected for ideal seco
order transitions and the manner in which one extrapola
near the transition to determine the jump. The results p
sented herein and our previous experiments7 suggest that the
uniaxial pressure derivativesdTc /dPi in such systems can
also be obtained through similar analysis. Such investi
tions would probe the existence of anisotropy in the m
netic exchange interaction.
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