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ABSTRACT 

 

The heat capacity of nickel ferrite was measured as a function of temperature over the range 

from 50 to 1200 C using a differential scanning calorimeter.  A thermal anomaly was observed 

at 584.9 C, the expected Curie temperature, TC.  The observed behavior was interpreted by 

recognizing the sum of three contributions: (1) lattice (vibrational), (2) a spin wave (magnetic) 

component and (3) a λ-transition (antiferromagnetic-paramagnetic transition) at the Curie 

temperature.  The first was modeled using vibrational frequencies derived from an 

experimentally-based ir absorption spectrum, while the second was modeled using a spin wave 

analysis that provided a T3/2 dependency in the low temperature limit, but incorporated an 

exchange interaction between cation spins in the octahedral and tetrahedral sites at elevated 

temperatures, as first suggested by Grimes [15].  The λ-transition was fitted to an Inden-type 

model which consisted of two truncated power law series in dimensionless temperature (T/TC).  

Exponential equality was observed below and above TC, indicating symmetry about the Curie 

temperature.  Application of the methodology to existing heat capacity data for other transition 

metal ferrites (AFe2O4, A = Fe, Co) revealed the same exponential equality, i.e., m = n = 5. 
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INTRODUCTION 

Nickel ferrite is a major constituent of the corrosion oxides that form on nickel base Fe-Ni-Cr 

alloys exposed to reactor coolant in many nuclear power reactors [1].  Work performed in our 

laboratory has shown that the characteristic two-layered nature of this corrosion oxide (ferrite-

rich outer layer and chromite-rich inner layer) is a result of immiscibility in the ferrite-chromite 

spinel binary [2, 3]. 

 

Although the mixing process in spinel binaries is controlled by the manner in which the metal 

cations in the end-member spinels are distributed between two sublattice sites: octahedral and 

tetrahedral, the onset of magnetic ordering in typical inverse spinels, such as NiFe2O4 and 

Fe3O4, in the neighborhood of the Curie temperature appears to be linked to the onset of 

immiscibility in their binary solutions with chromites (and zinc ferrite), i. e., normal spinels.  

Subsequent mixing model development effort, which included a non-configurational entropy 

term to provide coupling between cation disordering and magnetic ordering, considerably 

improved estimates of consolute solution temperature and solvus phase compositions in the 

Fe3O4 - FeCr2O4 spinel binary [2]. 

 

To enable similar mixing calculations to be made in a spinel binary where one of the end-

members is NiFe2O4, similar estimates of the magnetic effect on entropy must be known.  

Magnetic entropy is readily determined from a heat capacity anomaly that occurs in the vicinity 

of the Curie temperature.  Since the existing heat capacity database for nickel ferrite is quite 

fragmentary in the region of interest, cf. [4 - 7], an experimental effort was undertaken to obtain 

the missing information. 

 

EXPERIMENTAL 

Nickel ferrite synthesis 
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Stoichiometrically pure nickel ferrite (NiFe2O4) was synthesized by a molten salt process which 

made use of a eutectic mixture of NaCl and KCl as the solvent (m. p. 658 C).  The reactant 

chemicals were NiO (99.998%, Alfa Aesar Co.) and Fe2O3 (99.97%, Cerac Inc.).  An aqueous 

slurry containing equimolar amounts of NiO and Fe2O3 was prepared using small amounts of  

an organic dispersing agent, polyvinyl pyrrolidone, which was then mixed with the eutectic 

NaCl/KCl mixture.  After evaporation, the dried mass was poured into a platinum crucible, 

covered and heated to 950 C in an air furnace for two hours.  After cooling, the reacted mixture 

was soaked in a pool of water to dissolve away the salt.  The remaining solid was recovered by 

filtration and thorough rinsing with copious amounts of water, followed by a final rinse with 

isopropyl alcohol. 

 

X-ray diffraction analysis of the dried powder indicated a single phase spinel structure with no 

traces of the reactant phases.  The cubic lattice parameter was found to be 8.3384(1) A (one 

std. dev.).  This result compares favorably with nickel ferrite prepared by firing in air at 1200 C 

for 24 hr (8.3393 A) and 850 C for 2 days (8.3367 A), per PDF card nos. 044-1485 and 054-

0964, respectively.  Individual crystal grains were very fine; SEM examination revealed a 

uniform size distribution.  The BET surface area of the material was measured to be 3.5 m2 g-1. 

 

A 71.13 mg quantity of nickel ferrite powder was configured for the specific heat measurements 

by compacting in a platinum calorimeter pan followed by sintering by heating to 1200 C in air in 

the DSC.  Although the starting powder had a dark-red color, the sintered disc removed from the 

DSC was dark gray-black in color.  The same 1 mm thick specimen was used in all nickel ferrite 

DSC runs. 

 

Apparatus and Procedures 
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A Netzsch DSC-404C differential scanning calorimeter (DSC) was used to determine the Curie 

temperature and specific heat of nickel ferrite in the temperature range from 50 to 1200 C.  The 

measurements were made using the three run ratio method described in ASTM 1269.  Platinum 

pans and lids were used during the DSC runs, and all were conducted in flowing air at 50 scc 

min-1.  Heating rates of 20, 10 and 5 C min-1 were used.  The standard reference material was a 

6 mm synthetic sapphire disk. 

 

The as-measured temperature values of the nickel ferrite specific heat data for each heating  

rate were corrected for both thermocouple bias and heating rate shift, as discussed below. 

 

(a) Thermocouple bias correction 

Calibration of the temperature scale of the DSC to correct for systematic error in the 

thermocouple reading was performed by the two-point method described in ASTM E 967.  The 

calibration materials were indium and dipotassium chromate, obtained as ICTA Certified 

Reference Materials (CRM) sets GM 758 and GM 759 from NIST.  Extrapolated onset 

temperatures were used as the indicated transition temperatures of the calibrants: 156.598 C for 

the melting point of indium [8] and 669.1 ± 0.2 C for K2CrO4 [9].   

 

Indium specimens weighing about 6-7 mg were melted in the same platinum pan/lid that were 

used for the specific heat runs.  The melting runs were conducted with fresh indium specimens 

at heating rates that varied from 0.5 to 30 C min-1 in flowing air.  An approximately 3 mg 

specimen of the dipotassium chromate CRM was also loaded into the same pan/lid and run at 

rates from 0.5 to 20 C min-1 in flowing nitrogen.  The as-measured transition temperature for the 

two CRM calibrants was found by extrapolating the indicated values as a function of heating 

rate to a heating rate of 0 C min-1.  In this manner, the as-measured temperatures are found to 

be low by 1-2 C in the range from about 150 to 670 C.  The temperature correction to be added 
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to the indicated temperatures was found by linear regression using the two calibration points: �T,  

C = 1.0179 + 0.0011721T, where T is the thermocouple reading in  C. 

 

Because the nickel ferrite measurements had to be taken in air to avoid the possibility of 

reduction, and some of the materials used to calibrate the temperature scale had to be run in an 

inert atmosphere to avoid oxidation, nitrogen was chosen as the inert gas since it is the major 

component of air.  A second 20 C min-1 run, therefore, was made with indium in flowing nitrogen 

to check for any effect of gas type on the indicated transition temperature.  No difference was 

found in the extrapolated onset temperature for the melting of indium in air and nitrogen, and it 

was concluded that the temperatures determined in air and nitrogen could be pooled for 

calibration purposes.   

 

(b) Heating rate shift 

A second calibration of the temperature scale to account for shifts related to heating rate was 

performed using the indicated Curie temperatures for nickel and iron specimens run at heating 

rates from 0.5 to 20 C min-1 in flowing nitrogen.  The nickel specimen was a 31 mg thin strip      

of ICTA CRM set GM 761 from NIST.  The iron specimen was a 1 mm thick, 202 mg disk of 

ARMCO iron.  The temperature shift as a function of heating rate (dT/dR) was found from the 

slope of the linear regression fit for each of the two materials.  These measurements indicated 

that the shift caused by the heating rate (i.e., slope) was a function of temperature, and needed 

to be described as such. 

 

The temperature dependence of dT/dR was found from the slope of the linear regression of the 

dT/dR values for nickel and iron plotted against indicated transition temperature.  The correction 

to be added to the indicated DSC temperatures is given by: �T/(dT/dR),  C/ C min-1 = -0.21573 + 
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0.00060768T, where T is the thermocouple reading in  C.  It is noteworthy that when the Curie 

temperature measurement for nickel ferrite was calculated in the same manner as those for 

nickel and ARMCO iron, it fell on the above calibration curve, thus demonstrating its accuracy. 

 

RESULTS  

Nickel ferrite specific heat  

The specific heats of nickel ferrite are plotted versus temperature in Figs. 1 and 2 for heating 

rates of 5, 10 and 20 C min-1.  All reported temperatures are adjusted to 0 C min-1 heating rate 

by applying corrections for thermocouple bias and heating rate shifts according to the 

procedures described in the previous section.  The Curie temperature for nickel ferrite, indicated 

by a maximum in the specific heat curve, is determined to be 584.9 C. 

 

Accuracy of specific heat results 

Specimens of polycrystalline alumina and platinum were Included in the same series of DSC 

runs as the nickel ferrite in order to estimate the accuracy of the heat capacity measurements 

reported in this study.  The size of specimen used for each material was chosen to have a total 

heat capacity similar to that of the nickel ferrite specimen, and thus provide a similar DSC 

response.  A 10 C min-1 heating rate was used during this study. 

 

The measured heat capacities of the alumina and platinum specimens are plotted versus 

temperature (corrected and adjusted to 0 C min-1 heating rate) in Figs. 3 and 4, respectively.  

The accepted values for alumina are those reported for single crystal alumina (sapphire) by 

NIST, while the accepted values for platinum are given by TPRC [10].  In both cases, no matter 

which reference runs were chosen, all results are within ± 3% of the accepted values. 
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It is noted, however, that data scatter (and accuracy) in the nickel ferrite heat capacity 

measurements began to degrade at temperatures above 800 C, and the spread between the 

heat capacity curves increased to less than ± 5% at the highest temperatures, see Fig. 1.  As 

the higher temperature measurements were conducted in a region considerably beyond the 

range of the calibrated temperature scale, only data above 800 C from the 20 C min-1 run were 

selected for further analysis.  This selection was justified by the improved signal-to-noise ratio 

achieved at the highest heating rate, see Fig. 1.  

 

INTERPRETATION OF RESULTS  

Extracting the magnetic contribution to heat capacity and resolving the λ-transition in nickel 

ferrite requires that the baseline (lattice vibrational) contribution be established unambiguously.   

It is customary to obtain the baseline contribution by excluding heat capacity data in the vicinity 

of the thermal anomaly and fitting the unaffected region by a single, or multiple, Debye 

function(s) [11, 12].  This technique is inappropriate for the transition metal ferrites (AFe2O4, A = 

Fe, Ni, Co) because these oxides are (anti)ferromagnetic from absolute zero up to their Curie 

temperature.  In these compounds the spins of the tetrahedral Fe3+ ions are aligned antiparallel 

to the spins of the octahedral Fe3+ (and Fe2+) ions [13], and the magnetic contribution to heat 

capacity is calculable by spin wave theory, cf. [14].  Therefore, the measured heat capacities of 

nickel ferrite were fitted as the sum of a lattice contribution (baseline) to which two magnetic 

contributions were added: 

 

    , ,mag sw maglattice
P P P PC C C C λ= + +         (1) 

 

By adapting the methodology established by Grimes [15], which determines Cv
lattice from infrared 

absorption spectra and applies spin wave theory to fit Cv
mag,sw using only one adjustable 
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parameter (JAB, the exchange interaction), the contribution due to the thermal anomaly at the 

Curie temperature could be determined by difference.  In this manner, a unified approach is 

provided for the deconvolution of heat capacity measurements for transition metal ferrites where 

thermal anomalies due to magnetic ordering transformations are present.  Finally, the 

availability of such magnetic heat capacity estimates allows an internally consistent set of 

magnetic entropies to be derived. 

 

Determination of CV
lattice Baseline 

Grimes [15, 16] has demonstrated that infrared (ir) absorption measurements of ferrite spinels, 

when combined with knowledge of the spinel lattice structure, allows the lattice contribution to 

heat capacity for the mineral spinel (MgAl2O4) to be determined using a sum of Einstein and 

Debye functions, requiring no adjustable parameters: 

 

 31 2 42 2 2
lattice
VC E D E D
R T T T T

θθ θ θ⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞= + + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠

     (2) 

 

Here E and D are the respective Einstein and Debye functions.  The required Einstein and 

Debye temperatures are determined from frequencies of specific ir absorption peaks:  the first 

two peaks arising from vibrations of the octahedral group, while the third and fourth arise from 

cation vibrations in the respective octahedral and tetrahedral sites [17].  Table I summarizes the 

observed frequencies and corresponding Einstein and Debye temperatures required to calculate 

the lattice vibrational contribution for the family of transition metal ferrites, AFe2O4, where A =  

Ni, Fe, Co and Zn. 

 

For spinel minerals containing iron ions, i.e., the ferrites, an additional lattice contribution is 

observed around 90 K.  This phenomenon has been attributed to the existence of two 
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equivalent potential energy positions for Fe3+ ions in octahedral sites, in which the cations are 

displaced from the geometrical center of the site by a few picometers.  Grimes [19] observed 

that the heat capacity anomaly for ZnFe2O4 appeared to resemble that of a Schottky anomaly: 

 

 
( ) ( )

( ) 2
1 exp

shot
V kT exp kTC
R kT

δ δ

δ

−
=
⎡ ⎤+ −⎣ ⎦

       (3) 

 

where � represents the height of the potential energy barrier separating the two equivalent 

positions.  Since the above correlation possesses only one adjustable parameter (�), the 

magnitude of the anomaly is fixed as 0.438.  However, when regression analyses were 

performed for nickel ferrite, a slight modification provided an improved fit: 

 

 
( ) ( )

( )

2

2

shot
V g kT exp kTC
R 1+ g exp kT

δ δ

δ
=

⎡ ⎤⎣ ⎦
       (4) 

 

The additional degree of freedom allows the magnitude as well as the shape to be fitted.  The 

final columns of Table I summarize the fitted parameters for Eq. (4) based on regression of 

available heat capacity measurements for NiFe2O4 [4], Fe3O4 [20], CoFe2O4 [4] and ZnFe2O4 

[21] at subambient temperatures.  In this manner, the maximum of this minor ‘wobble’ was 

found to be slightly less than that given by Eq. (3), i.e., between 0.330 and 0.409. 

 

Determination of CV
mag,sw  

Although the magnetic contribution to heat capacity for NiFe2O4 is proportional to T3/2 in the limit 

as T → 0, Grimes [15] has shown that the spin wave analysis at higher temperatures produces 

four terms: 
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 ( ) ( ),
1 2

12 1 24/
3

mag sw AB B AB B
V

J s J sC R F F
kT kT

ω ω ⎛ ⎞ ⎛ ⎞= + +Ε + Ε⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

   (5) 

 

where JAB is the exchange interaction and sA and sB are the average spins associated with the 

ionic moments at the tetrahedral (A) and octahedral (B) sites.  Since F(�1) and F(�2) are also 

known functions of JAB, sA and sB, only JAB remains to be fitted to the CP databases: 

 

( )
( )

( ) ( )
53 3

22 2 3
2

1 22 2

1 1 4.4578 0.1129 /
4 41

xu

o x

kT x e kTF dx kT Z
Z Ze

ω
π π

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠−

∫    (6) 

 

( ) ( )
( )

13 2 22

2 22

1
4 1

x

x

x e xkTF dx
Z e

υ

φ

φ
ω

π
−⎛ ⎞= ⎜ ⎟

⎝ ⎠ −
∫         (7) 

 

( )12 2AB B AJ s s
kT

φ
−

=    and   
( )

11
2 2

AB A B

B A

J s sZ
s s

=
−

    (8, 9)  

 

Substituting known values of sA and sB for NiFe2O4, i.e., 5/2 and 7/4, respectively, and 

regressing experimental heat capacities for temperatures between  50 and 300 K [15], Grimes 

reported that JAB/k = 32.96 K. 

 

We note that additional heat capacities are available at liquid helium temperatures (i.e., between 

2 and 5 K) where Eqs. (2 – 9) simplify to 

3 32
1 2VC T Tβ β= +           (10) 
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Although Pollack and Atkins [22] report that JAB/k = 7.31 K in this region, which could mean that 

JAB/k possesses a strong temperature dependency, we believe that the above deviation is 

caused by a stoichiometry effect in the material tested by Pollack and Atkins.  It is noteworthy 

that a similar reduction in JAB was observed for magnetite when a non-stoichiometric form of 

magnetite was tested [23, 24].  Denoting the degree of non-stoichiometry by ε, i.e., Fe3(1-ε)O4, 

Koenitzer et al. [24] found that JAB/k decreased from 27.3 to 7.0 K when ε increased from zero 

to 0.005.  Since the nickel ferrite tested by Pollack and Atkins had the stoichiometry 

Ni0.94Fe2.06O4, rather than NiFe2O4, it is probable that a similar stoichiometry effect exists in 

NiFe2O4.  Therefore, the JAB/k value given in Table II for NiFe2O4 was applied throughout the 

entire temperature range 0 - TC when determining the magnetic contribution to entropy. 

 

It is expected that CV
mag,sw will drop to zero immediately above TC.  Although this theoretical 

constraint could be imposed during the least-squares regression analysis, it was preferable to 

account for a slight instrumental broadening effect caused by the inability of our apparatus to 

respond to this change in an ideal manner.  Consequently, an Inden-type expression was 

employed to characterize this effect; see Eq. (12b) in next section.  The large n-value found for 

(T/TC)-n confirms that the decrease in CV
mag,sw above TC.is indeed very sharp; see Table II and 

Fig. 6. 

  

Correlation of CV
mag,λ 

Contributions to the anomaly in heat capacity at the Curie temperature are readily determined 

from the measured heat capacities after subtracting contributions from the lattice vibrational and 

spin wave components.  In this manner, a near-symmetric behavior is observed about the 

phase boundary.  Although choice of a model to correlate CV
mag,λ is dependent on the type of 

magnetic interactions present, selection of a three dimensional (3D) Ising model or a 2D Ising 

model may satisfy the symmetry requirement, see Stanely [25] or Doniach [14].  In the case of 
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ferromagnetic metals, however, Inden [26] noted that the transition followed a nearly universal 

behavior when modeled by 

 

, 1ln
1

m
mag
V mC K Rλ τ

τ
− ⎛ ⎞+

= ⎜ ⎟−⎝ ⎠
      ( )1τ <  (11a) 

 

, 1ln
1

n
mag
V nC K Rλ τ

τ
+ ⎛ ⎞+

= ⎜ ⎟−⎝ ⎠
      ( )1τ >  (11b) 

 

where � = T/ TC, m = 3 and n = 5.  Different values for the exponent are required on the 

magnetically-ordered (low temperature) and quasi-paramagnetic (high temperature) sides of the 

transition to account for respective long and short range ordering.  Hillert and Jarl [27] have 

adapted the Inden model to create a form more suited for calculation of thermodynamic 

properties by expansion into a power series followed by truncation after three terms: 

 

          , 3 51 12
3 5

mag m m m
VC K Rλ τ τ τ− ⎛ ⎞= + +⎜ ⎟

⎝ ⎠
     ( )1τ <   (12a) 

        , 3 51 12
3 5

mag n n n
VC K Rλ τ τ τ+ − − −⎛ ⎞= + +⎜ ⎟

⎝ ⎠
     ( )1τ >   (12b) 

 

A computational formalism for applying Eqs. (12) was recently established with encouragement 

from CALPHAD [12], which enables the fitted constants (K – and K +) to be determined from 

relationships involving crystal structure type and mean magnetic moment. 

 

Although the Inden model is being widely applied for thermodynamic calculations involving 

metal alloys (e.g. the SGTE code [28]), a concern arises with respect to model validity for 
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antiferromagnetic oxides.  Transition metal ferrites, for example, have antiparallel magnetic 

moments on metal cations in two sublattices (tetrahedral and octahedral) that are unequal, 

rather than equal; and spin wave analysis indicates that m = 3/2, rather than 3.  Since Eqs. (5 - 

9) have already modeled long range ordering, we chose to investigate the near-symmetry in 

CV
mag,λ about TC by fitting m and n as well as K – and K + in Eqs. (12).  The resulting fit confirmed 

symmetry at the antiferromagnetic-paramagnetic phase boundary.  That is, values of the two 

exponents were virtually identical: m = 7.19 ± 0.05 for � < 1 and n = 7.31 ± 0.07 for � > 1.  Note 

that magnetic ‘decay’ in the quasi-pamagnetic region (� > 1) also corresponds closely to that 

exhibited by ferromagnetic materials, i.e., n = 5.0. 

 

Conversion Between CV and CP 

An additional approximation was employed to complete this section, since the above theoretical 

analyses provide CV rather than CP, the measured quantity.  Rather than attempt to fix the CP/CV  

ratio by invoking the known thermodynamic relationship between CP and CV, i.e., CP - CV  = 

TV�2/κ, which would require knowledge of the temperature sensitivity of oxide density (V-1), 

isothermal compressibility (κ) and thermal expansivity (�), the CP/CV ratio was allowed to vary 

with temperature 

/ 1 ( )P VC C f T= +          (13) 

Previous analyses by Hofmann [11] showed that this correction became significant only at 

elevated temperatures where Cp values exceeded the 21R limit on CV
lattice.  Our DSC 

measurements at 1472 K give Cp/21R = 1.214, implying that f(1472 K) = 0.214.  On the other 

hand, previous calculations by Grimes [15] based on tabulated density, compressibility and 

expansivity coefficients at 298.15 K give Cp/CV  = 1.0075, or f(298 K) = 0.0075.  These two f(T) 

estimates indicate that the relationship between f and T is approximately quadratic (rather than 

linear), and can be modeled as: f(T) = �1T + �2T2. 
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DISCUSSION 

NiFe2O4 

Results of the nickel ferrite heat capacity regression analysis, based on the data of King [4] at 

subambient temperatures and our measurements at 20 C min-1, are shown in Fig. 5, where 

fitted and measured values are compared.  Excellent agreement is demonstrated over the entire 

temperature range from 50 to 1472 K; the standard deviation between observation and 

prediction being ±0.5%.  Tables I and II summarize the fitted parameters (± 1 std. dev.) 

associated with the calculation of CV
lattice, CV

mag,sw, CV
mag,λ and CP.  Figure 6 plots the magnetic 

contribution to heat capacity (CP
mag,sw + CP

mag,λ) and indicates the magnitudes of the two 

magnetic components. 

  

It is noteworthy that the nickel ferrite heat capacity correlation reported by Landiya et al. for the 

temperature interval 298 to 855 K [6] deviates by < 2% from the present results for T < 805 K, 

although the λ-transition is not captured well at higher temperatures.    

 

Because the present nickel ferrite analysis was developed as part of a generalized procedure 

for interpreting the heat capacity behavior of the family of antiferromagnetic transition metal 

ferrites, it is of interest to test its broader applicability by analyzing existing heat capacity data 

for Fe3O4 and CoFe2O4.  These results are discussed below. 

 

Fe3O4 

Results of the regression analysis for magnetite are shown in Fig. 7; a summary of the fitted 

parameters is given in Tables I and II.  The application of Eq. (5) with JAB/k = 36.92 ± 0.81 K is 

seen to successfully reproduce the experimental database represented by the measurements of 

Takai et al. [20] above the Verwey transition temperature (125 - 300 K), Gronvold and Sveen 
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[29] at superambient temperatures (329 - 1044 K) and a correlation provided by Robie and 

Hemingway [30] at temperatures in the range 1000 - 1800 K; the latter being particularly useful 

in establishing an upper limit to f(T) in Eq. (13).  Overall agreement between observation and 

prediction is ±0.9% (1 std. dev.), which may be an overestimate caused by a bias between the 

end of the high temperature range of Gronvold and Sveen [29] and the low temperature end of 

the Robie and Hemingway correlation [30], see deviation plot in Fig. 7. 

 

The shape of the Fe3O4 heat capacity curve near the Verwey transition (TV = 123.82 K) is 

complex and appears to consist of two overlapping contributions.  The first is a very narrow 

‘spike’ that is expected to scale with the temperature parameter t = (T – TV)/TV, for l t l / ≤10-3, 

and is due to the simultaneous occurrence of two phenomena: (a) a transition in crystal 

structure between cubic (T > TV) and orthorhombic (T < TV) symmetries and (b) the occurrence 

of rapid electron exchange (hopping) between between Fe3+ and Fe2+ ions in octahedral sites 

above TV [20, 31].  The second contribution is a broader, asymmetric transition region, attributed 

to a vibrational anomaly of octahedral Fe3+ ions, whose shape is described by a Schottky 

anomaly per Eqs. (3/4).  Because the Ref. [20] heat capacity data were insufficient to fit the l t l 

≤10-3 region, these data were excluded from the fit.  On the other hand, the temperature region 

below TV was also excluded from our fit because the structural change in magnetite, associated 

with the Verwey transition, was expected to invalidate the theoretical basis used to determine 

the lattice vibrational contribution, Eq. (2). 

 

Rather than devise an alternate method to deconvolute Fe3O4 heat capacities in the region 0 -

123 K, the results of recent heat capacity measurements, obtained using stoichiometrically-pure 

Fe3O4 at temperatures between 0.3 and 10 K [24], were employed.  In the low temperature limit, 

the lattice and magnetic contributions extrapolate to Eq. (10) and the reported �1 value converts  

to JAB/k = 27.27 ± 2.90 K.  It is reassuring that an independent estimate of JAB/k, based on 
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neutron inelastic scattering measurements, yields 28.08 K [32].  These results differ from the 

fitted value in the region 125-1800 K by about 25%, which is considered negligible.  Such close 

agreement indicates that contributions from intrasite exchange interactions (JAA and JBB) or a 

variation in JAB with temperature need not be modeled.  Therefore, the magnetic (spin wave) 

effect on entropy was determined using Eq. (5) with JAB/k = 36.92 K for all temperatures in the 

antiferromagnetic region.   

 

The λ-transition observed at the antiferromagnetic-paramagnetic phase boundary in magnetite 

was found to be approximately symmetric: m = 6.15 ± 0.16 for � < 1 and n = 5.19 ± 0.39 for � > 

1, in agreement with the result obtained for nickel ferrite; see Figs. 6 and 8.  Previously, 

Sundman [33] concluded that the Inden model, Eqs. (12), could be fitted to the λ-transition in 

magnetite by constraining m to 3.0, although the manner in which the lattice vibrational baseline 

was treated was not stated.  In view of the present results, the analysis of Sundman is 

considered to be invalid. 

 

CoFe2O4 

Results of the regression analysis for cobalt ferrite are shown in Fig. 9.  The analysis follows 

from that for NiFe2O4, since the previous references for nickel ferrite [4, 6, 22] also include 

results for cobalt ferrite.  The fitted JAB/k value from Table II is 30.03 K based on the data of King 

[4]; the apparent, limiting JAB/k value at low temperature is 7.67 K based on Ref. [22].  Since the 

low temperature result is for a non-stoichiometric oxide (Co0.83Fe2.17O4) rather than CoFe2O4, the 

higher JAB/k value was applied throughout the temperature interval 0 - TC when calculating the 

spin wave contribution to entropy. 

 

Although the available high temperature heat capacity measurements of Landiya et al. [6] are 

insufficient to fully characterize the λ-transition in CoFe2O4, their results were applied in the 
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following manner.  In the antiferromagnetic region, the Ref. [6] CP(T) correlation was assumed 

to be accurate for temperatures up to about 50 K below TC, i.e., T < 725 K, based on our 

experience with nickel ferrite discussed previously.  Secondly, the limiting high temperature 

behavior above TC, where CP = CP
lattice, was estimated by multiplying the 

CP(CoFe2O4)/CP(NiFe2O4) ratio determined by Landiya et al. in this region (i.e., 0.9918) by our 

nickel ferrite heat capacity measurements in the same region.  In this manner, the estimated 

limiting CP
lattice values and the truncated Ref. [6] correlation were used simultaneously to 

establish the non-magnetic baseline parameters in Eq. (13) and the λ-transition model 

parameters in Eq. (12a).  Despite the limited availability of a portion of the low temperature ‘tail’ 

of the λ-anomaly in CoFe2O4, the resulting exponent (m = 5.44 ± 1.46, see Fig. 10) is equivalent 

to that fitted for NiFe2O4 (m = 7.19 ± 0.05) and Fe3O4 (m = 6.15 ± 0.16),  

  

Magnetic Contribution to Entropy 

The magnetic contribution to heat capacity, i.e., CP
mag,sw + CP

mag,λ, based on the fitted 

parameters of Table II, is shown in Figs. 6, 8 and 10.  The increase in (magnetic) enthalpy and 

entropy experienced upon passing from the magnetically ordered to the paramagnetic state may 

be determined from these plots via the following integrations: 

∆Hmag = mag
pC dT

∞

°∫          (16) 

∆Smag = 
mag
pC

dT
T

∞

°∫          (17) 

A summary of these thermodynamic property changes for the transition metal ferrites is given in 

Table III.  Additional columns are provided to identify the fraction of the change contributed 

above the transition temperature, since quantification of this parameter may enable future 

modeling efforts. 
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It is of interest to compare the calculated magnetic contribution to entropy with expected entropy 

changes associated with changes in three types of cation order: (1) elimination of spin 

(anti)alignment between cations in tetrahedral and octahedral sites in a perfectly-inverse spinel 

lattice, (2) change in configurational entropy in passing from an inversely-ordered spinel to a 

randomly-ordered spinel and (3) elimination of charge-hopping between Fe3+ and Fe2+ ions in 

octahedral sites of magnetite.  The difference in configurational entropy between the 

magnetically-ordered and randomly-oriented spin states may be estimated by application of the 

equation 

-SC/R =  ∑ pi ln pi          (18) 

where pi is the probability of the system being in microscopic state i.  The number of microstates 

follows from the number of unpaired electrons present in each cation type: Fe3+(5, s = 5/2), 

Fe2+(4, s = 2), Co2+(3, s = 3/2) and Ni2+(2, s = 1).   In the magnetically-ordered state, however, 

only one state exists, so p = 1 and SC = 0.  On the other hand, in the randomly-oriented spin 

state, the total spin of each cation can be oriented equally in any of 2s + 1 orientations 

(corresponding to the quantum numbers taken by the z-component of total spin).  Assuming no 

spin coupling, there are six microstates for Fe3+ with equal probability of 1/6, five microstates for 

Fe2+ with equal probability of 1/5, etc.  Therefore, the entropy change due to spin randomization 

in magnetite is given by ∆SC/R = ln5 + 2 ln6 = 5.193.  In calculations for cobalt ferrite and nickel 

ferrite, the ln5 term is replaced by ln4 and ln3, respectively.  

  

As demonstrated previously [2, 3], the configurational entropy of a spinel (SC) may also be 

calculated in terms of the fraction of its divalent cations displaced to octahedral sites (x) by 

application of the Temkin formula [34], which becomes 

-SC/R = (1 – x) ln(1 – x) + (2 – x) ln(2 – x) + 2x lnx – 2 ln2        (19) 

When electron hopping occurs, Eq. (19) is modified: 

-SC/R = 3(1 – x) ln(1 – x) + 3x lnx – 2x ln2      (20) 
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Therefore, the entropy change associated with transition to a random spinel requires evaluation 

of Eq. (19) between x = 1 and x = 2/3 for NiFe2O4 and CoFe2O4 or Eq. (20) between the same x 

limits for Fe3O4.  The reason for a higher ∆SC for the magnetite transition relative to the other 

ferrites shown in Table IV is that electron hopping occurs in a pair-localized manner and creates 

two types of octahedral Fe3+ ion: one is involved in electron hopping and one is not [35]. 

 

Results of the above calculations are given in Table IV.  It is seen that the predicted change in 

configurational entropy for NiFe2O4 upon passing from a perfectly-inverse spinel configuration, 

having complete spin ordering, to a random spinel having randomized spins, i.e., ∆Sc/R = 4.682 

+ 0.523 = 5.205, deviates by < 5% compared to the measured value given in Table III. 

 

On the other hand, the poorer agreement for similar calculations with Fe3O4 (where electron 

hopping is assumed to occur in a pair-wise manner), indicates that electron hopping is probably 

affected by the transition to a random spinel.  A more appropriate hypothesis is suggested by 

the current results; namely, that the mode of electron hopping changes from one being pair-

localized to one involving all octahedral Fe3+ ions, which are indistinguishable in the 

configurational entropy calculation.  The predicted change in configurational entropy for 

transition to this final state is ∆Sc/R = 5.193 + 0.523 = 5.716, which deviates by about 3% 

relative to the Table III value. 

 

A link between changes in the electron hopping process and changes in the octahedral site 

Fe3+/Fe2+ ion ratio is also supported by results from two independent sources: (1) decreases in 

the electrical conductivity curve for magnetite, which peaks at 750 K [31] and (2) an increase in 

the order of the Verwey transition from first to second above a critical degree of non-

stoichiometry caused by vacancies or dopants [36].  In the first case, temperature increases 
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lower the fraction of Fe2+ ions displaced to octahedral sites to 0.93 at 750 K, cf. [2] and increase 

the octahedral site Fe3+/Fe2+ ion ratio to 1.06.  In the second case, the critical degree of non-

stoichiometry for perfectly-inverse magnetite, i.e., ε = 0.0039 in Fe3(1-ε)O4, translates to an 

octahedral Fe2+ ion content of 0.965.  Assuming that one Fe3+ ion remains in the tetrahedral site, 

the octahedral site Fe3+/Fe2+ ion ratio is 1.023/0.965 = 1.060.  Thus, both calculations indicate 

that rapid electron exchange between octahedral site Fe3+ and Fe2+ ions in magnetite 

undergoes a transition at an Fe3+/Fe2+ ion ratio = 1.06. 

 

By way of closure, plots of �mag(T) are provided in Fig. 11, where �mag(T) = Smag(T) - Smag(�). 

   

SUMMARY 

The heat capacity versus temperature curves for nickel ferrite and the family of transition metal 

ferrites, which includes magnetite and cobalt ferrite, exhibit a thermal anomaly at the Curie 

temperature.  By use of a differential scanning calorimeter, sufficient heat capacity data were 

collected for NiFe2O4 to enable characterization of its heat capacity curve in the λ-transition 

region.  Spectral deconvolution was achieved by a least-squares analysis that recognized three 

contributions: 

1.  A lattice vibrational contribution was determined from vibrational frequencies identified in the 

infrared absorption spectrum for nickel ferrite, as first suggested by Grimes [15, 16].  This 

contribution reached a maximum value of 21R in the high temperature limit. 

2. The magnetic contribution in the antiferromagnetically-ordered region was determined from a 

spin wave analysis.  This contribution approached a value slightly greater than 4R in the high 

temperature limit, but decreased to zero at (and above) the Curie temperature.  The 

temperature sensitivity of this component was determined by treating JAB, the exchange 

interaction energy between cation spins in tetrahedral (A) and octahedral (B) sites of the spinel 

lattice, as a fitted parameter. 
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3. The λ-transition was fitted to an Inden-type model [12, 26, 27], which consisted of two 

truncated power law series in dimensionless temperature (T/TC).  Approximate symmetry was 

observed with respect to the antiferromagnetic-paramagnetic phase boundary, as values for the 

fitted exponents in both T/TC < 1 and T/TC > 1 series were found to be nearly equal.  Additional 

calculations for magnetite and cobalt ferrite using available literature data revealed the same 

exponential equality, as well as an invariant nature of the exponent, i.e., ~ 5.  Such constancy 

implies that a common short-range ordering (SRO) phenomenon may exist in the transition 

metal ferrites. 
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APPENDIX 

The Debye and Einstein functions referred to in this paper are the usual three-dimensional 

Debye and Einstein functions made dimensionless by dividing by R, the universal gas constant: 

/3 3

3 /
0

4 /9
1 1

T

x T

T x dx TD
T e e

θ

θ

θ θ
θ

⎡ ⎤⎛ ⎞ = −⎢ ⎥⎜ ⎟ − −⎝ ⎠ ⎣ ⎦
∫  

( )
( )

2 /

2/

/
3

1

T

T

T e
E

T e

θ

θ

θθ ⎡ ⎤
⎛ ⎞ ⎢ ⎥=⎜ ⎟ ⎢ ⎥⎝ ⎠ −⎣ ⎦

 

 

 

 

 



 
Page 23 

REFERENCES 

 

1. S. E. Ziemniak and M. Hanson, Corrosion behavior of NiCrFe Alloy 600 in high 

temperature, hydrogenated water, Corros. Sci. 47, in press (2005) 

2. S. E. Ziemniak and R. A. Castelli, Immiscibility in the Fe3O4 - FeCr2O4 spinel binary, J. 

Phys. Chem. Solids 64, 2081-91 (2003) 

3. S. E. Ziemniak, A. R. Gaddipati and P. C. Sander, Immiscibility in the NiFe2O4 - NiCr2O4 

spinel binary, J. Phys. Chem. Solids 66, 1112-21 (2005) 

4. E. G. King, Heat capacities at low temperatures and entropies of five spinel minerals, J. 

Phys. Chem. 60, 410-12 (1956) 

5. A. A. El-Sharkawy, A. B. Abousehly and El-S. M. Higgy, Specific heat capacity, thermal 

conductivity and thermal diffusivity of spinel ferrite Ni1+2xFe2-3xSbxO4 in the temperature 

range 400 - 1000 K, High Temperature - High Pressure, 18, 265-269 (1986) 

6. N. A. Landiya, G. D. Chachanidse,  A. A. Chuprin, T. A. Pavlenishvili, N. G. Lezhava and 

V. S. Varazashvili, Determination of the high temperature enthalpies of nickel and cobalt 

ferrites, Izv. Akad. Nauk SSSR, Neorg. Mater. 2, 2050-7 (1966) 

7. G. D. Chachanidze, Thermodynamic properties of nickel and cobalt ferrites, Izv. Akad. 

Nauk SSSR, Neorg. Mater. 26, 376-379 (1990) 

8. B. W. Magnum and G. T. Furukawa, Guidelines for realizing the International Practical 

Temperature Scale of 1990 (ITS-90), NIST Technical Note 1765. 

9. E. L. Charsley, P. G. Laye and M. Richardson, Thermochem. Acta 216, 331-334 (1993) 

10. Y. S. Touloukian and E. H. Buyco, Thermophysical Properties of Matter, Vol. 4, 

IFL/Plenum, New York (1970) 

11. J. A. Hofmann, A. Paskin, K.J. Tauer and R. J. Weiss, Analysis of ferromagnetic and 

antiferromagnetic second-order transitions, J. Phys. Chem. Solids 1, 45-60 (1956) 



 
Page 24 

12. D. deFontaine, S. G. Fries, G. Inden, P. Miodownik, R. Schmid-Fetzer and S.-L. Chen, 

Thermodynamic models and data for pure elements and other end-members of 

solutions; Group 4: λ-transitions, Calphad 19, 499-536 (1996) 

13. L. Neel, Magnetic properties of ferrites: ferrimagnetism and antiferromagnetism, Ann. 

Phys. (Paris) 3, 137-98 (1948) 

14. S. Doniach (ed), Thermodynamics of Ferromagnets and Antiferromagnets, North 

Holland, Amsterdam (1968).  See Chapter 6 

15. N. W. Grimes, On the specific heat of compounds with spinel structure. I. The ferrites, 

Proc. R. Soc. Lond. A 338, 209-21 (1974) 

16. N. W. Grimes, Interpretation of the infrared spectrum of spinels, Spectrochim. Acta, 29A, 

2217-2225 (1972) 

17. J. Preudhomme and P. Tarte, Infrared studies of spinels – III.  The normal II-III spinels, 

Spectrochim. Acta 27A, 1817-35 (1971) 

18. N. W. Grimes and A.J. Collett, Infrared absorption spectra of ferrites, Nature Phys. Sci. 

230, 158 (12 Apr 1971) 

19. N. W. Grimes, On the specific heat of compounds with spinel structure.  II. Zinc ferrite, a 

paramagnetic compound with magnetic ion occupying the octahedral site, Proc. Roy. 

Soc. Lond. A, 338, 223-233 (1974) 

20. S. Takai, Y. Akishige, H. Kawaji, T. Atake and E. Sawaguchi, Low temperature heat 

capacities and Verwey transition of magnetite, J. Chem. Thermodyn. 26, 1259-66 (1994) 

21. E. F. Westrum and D. M. Grimes, J. Phys. Chem. Solids 3, 44 (1957) 

22. S. R. Pollack and K. R. Atkins, Specific heat of ferrites at liquid helium temperatures, 

Phys. Rev. 125, 1248-54 (1962) 

23. M. Dixon, F. E. Hoare and T. M. Holden, The specific heat of magnetite, Phys. Lett. 14, 

184-5 (1965) 



 
Page 25 

24. J. W. Koenitzer, P. H. Keeson and J. M. Honig, Heat capacity of magnetite in the range 

0.3 to 10 K, Phys. Rev. B 39, 6231-3 (1989) 

25. H. E. Stanely, Introduction to Phase Transitions and Critical Phenomena (Clarendon 

Press, Oxford 1971) 

26. G. Inden, Determination of chemical and magnetic interchange energies in BCC alloys, 

Z. Metallkd 66, 577-82 (1975) 

27. M. Hillert and M. Jarl, A model for alloying effects of ferromagnetic metals, Calphad 2, 

227-238 (1978) 

28. A. T. Dinsdale, SGTE Data for Pure Elements, Calphad 15, 317-425 (1991) 

29. F. Gronvold and A. Sveen, Heat capacity and thermodynamic properties of synthetic 

magnetite (Fe3O4) from 300 to 1050 K.  Ferrimagnetic transition and zero-point entropy, 

J. Chem. Thermodyn. 6, 859-72 (1974) 

30. R. A. Robie and B. S. Hemingway, Thermodynamic Properties of Minerals and Related 

Substances at 298.15 K and 1 Bar (105 Pascals) Pressure and at Higher Temperatures, 

US Geological Survey Bulletin 2131 (1995) 

31. L. Haggstrom, H. Annersten, T. Ericsson, R. Wappling, W. Karner and S. Bjarman, 

Magnetic dipolar and electric quadrupolar effects on the Mossbauer spectra of magnetite 

above the Verwey transition, Hyperfine Interactions 5, 201-214 (1978)  

32. E. Gmelin, N. Lenge and H. Kromuller, Phys. Status Solidi A 79, 465 (1983) 

33. B. Sundman, An assessment of the Fe – O system, J. Phase Equilib. 12, 127-40 (1991) 

34. M. Temkin, Mixtures of fused salts as ionic conductors, Acta Physicochim. URSS, 20, 

411-420 (1945) 

35. J. M. Daniels and A. Rosencwaig, Mossbauer spectroscopy of stoichiometric and non-

stoichiometric magnetite, J. Phys. Chem. Solids 30, 1561-1571 (1969) 

36. R. Aragon and J. M. Honig, Mean-field model of the Verwey transition in magnetite, 

Phys. Rev. B 37, 209-218 (1988)   



 
Page 26 

 

List of Figure Captions 

Fig . 1.  Measured heat capacities of nickel ferrite adjusted to 0 C min-1 using corrections 

for thermocouple bias and heating rate shifts. 

Fig. 2.  Enlarged view of Fig. 1 near the Curie temperature. 

Fig. 3.  Measured heat capacities of the polycrystalline alumina specimen compared to 

accepted values for single crystal alumina (sapphire).   

Fig. 4.  Measured heat capacities of platinum compared to accepted values. 

Fig. 5.  Comparison of measured and fitted heat capacities of nickel ferrite.  Data at 

subambient temperatures taken from King [4].  Residual is plotted along bottom axis of graph. 

Fig. 6.  Magnetic contribution to heat capacity of nickel ferrite (CP
mag,sw/R + CP

mag,λ/R).  

Spin wave contribution is shown as dashed line. 

Fig. 7.  Comparison of measured and fitted heat capacities of magnetite.  Data taken 

from Takai et al. [20], Gronvold and Sveen [29] and correlation of Robie and Hemingway [30].  

Residual is plotted along bottom axis of graph. 

Fig. 8.  Magnetic contribution to heat capacity of magnetite (CP
mag,sw/R + CP

mag,λ/R).  Spin 

wave contribution is shown as dashed line. 

Fig. 9.  Comparison of measured and fitted heat capacities of cobalt ferrite.  Data taken 

from King [4] and Landiya et al. [6].  Residual is plotted along bottom axis of graph.  Note the 

absence of data in the range 725 to 1100 K. 

Fig. 10. Magnetic contribution to heat capacity of cobalt ferrite (CP
mag,sw/R + CP

mag,λ/R).   

Spin wave contribution is shown as dashed line. 

Fig. 11. Magnetic contribution to entropy for nickel ferrite and magnetite.  
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Table I 

 
Lattice Vibrational Contribution to Heat Capacity 

of Transition Metal Ferrite Spinels 
 

 
Char. Temp.C, K 

Oct. Fe3+ Vibrational 
Anomaly via Eq. (4) 

 
Spinel 

 
Infrared Peak 

Designation (cm-1)a θ E θ D �/k g 
Fe3O4  ν1 (570) 

 ν2 (390) 
ν3 (268) 
ν4 (178) 

819.5 
-- 

385.5 
-- 

-- 
561 
-- 

256 

217.5±19.7 0.115±0.078 

NiFe2O4 ν1 (593) 
ν2 (404) 
ν3 (330) 
ν4 (196) 

853 
-- 

474.5 
-- 

-- 
581 
-- 

282 

199.4±3.6 1.40±0.03 

CoFe2O4 ν1 (575) 
ν2 (374) 
ν3 (320) 
ν4 (181) 

827 
-- 

460 
-- 

-- 
538 
-- 

260 

252.6±6.9 1.09±0.05 

ZnFe2O4
b ν1 (540) 

ν2 (393) 
ν3 (325) 
ν4 (169) 

776.5 
-- 

467.5 
-- 

-- 
565 
-- 

243 

224.2±22.4 0.79±0.17 

 
  a -  Taken from Ref. (18), as revised by Ref. (19). 
  b -   Ref. (17) gives alternate set of ir peaks for ZnFe2O4:  552, 425, 336 and 166 cm-1. 
  c -   θ i =  hνi/k = 1.438 νi 
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Table II 
 

Magnetic Contribution to Heat Capacity 
of Transition Metal Ferrites 

 
Ferrite Eqns. 

Applied 
Parameter 

Fitted 
Temp. Range 

Fitted, K 
CP Correction 
Via Eq. (13) 

Fe3O4 (spin wave) 
sA  =  5/2 
sB  =  9/4 
 
 
 
Fe3O4 (λ-transition)  
 

Eq. (5) 
 
Eq. (7)a 

 

 
 
Eqs. (12) 
 

JAB/k = 36.92 ± 0.81 K 
 
a = 1.822 10-6 
b = -2.572 10-4 
c = 1.483 10-6 

 

K – = 3.872 ± 0.037 
m = 6.150 ± 0.156 
K + = 2.511 ± 0.122 
n = 5.190 ± 0.390 

125 - 1800 �1 = 1.068 ± 0.048 x 10-4 

�2 = -2.553 ± 3.583 x 10-9 

NiFe2O4 (spin wave) 
sA  =  5/2 
sB  =  7/4 
 
 
 
 
 
 
NiFe2O4 (λ-transition)  
 
 
 

Eq. (5) 
 
Eq. (7)a 

 

 

 
Eq. (12b) 
 
 
Eqs. (12) 

JAB/k = 39.33 ± 0.13  K 

 
a = 9.888 10-7 
b = 2.289 10-4 
c = -3.046 10-2 

 
K + = 1.216 ± 0.011 
n = 86.32 ± 1.69 
 
K – = 1.220 ± 0.003 
m = 7.185 ± 0.052 
K + = 1.489 ± 0.007 
n = 7.308 ± 0.074 

53 - 1472 �1 = 7.142 ± 0.135 x 10-5 

�2 = 4.216 ± 0.091 x 10-8 

CoFe2O4 (spin wave) 
sA  =  5/2 
sB  =  2 
 
 
 
CoFe2O4 (λ-transition) 
 
 

Eq. (5) 
 
Eq. (7)a 

 

 

 
Eqs. (12) 
 

JAB/k = 30.03 ± 0.94 K  
 
a = 2.144 10-6 
b = 3.220 10-4 
c = -5.475 10-2 

 
K – = 1.007 ± 0.144 
m = 5.44 ± 1.46 
K + = n.a. 
n = n.a. 

53 - 725 �1 = 0.509 ± 2.295 x 10-5 

�2 = 8.978 ± 1.721 x 10-8    

a -  Numerical integration results for F(ω2) correlated vs. temperature via aT2 + bT + c  (R2 > 0.999).
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Table III 
 

Thermodynamic Changes Associated with 
Antiferromagnetic–Paramagnetic Transition in Transition Metal Ferrites 

 
Ferrite TC (K) ∆Hmag/RTC Fraction 

> TC 
∆Smag/R Fraction 

> TC  
Fe3O4 

 

848.5 4.811 0.313 5.899 0.209 

NiFe2O4 

 

858.0 3.783 0.271 4.987 0.164 

CoFe2O4 773.0 --- --- --- --- 
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Table IV 

 
Entropy Changes Associated with Magnetic Ordering  

and Configurational Transitions in Ferrite Spinels 
 

Ferrite  ∆Smag, sw/R(1) ∆Srand/R(2) ∆Sc/R(3) 

 
Fe3O4 

 

 
3.105 

 
5.193 

 
1.447 

NiFe2O4 

 

3.517 4.682 0.523 

CoFe2O4 3.923 4.970 0.523 
    

 
 
 

(1)  Determined by integration of spin-wave contribution to mag
pC  

 
(2) Change in magnetic entropy due to randomization of cation spins in a perfectly-inverse spinel.  

 
(3) Change in configurational entropy for transition from a perfectly-inverse (x = 1) to a randomly-ordered 

(x = 2/3) spinel. 
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Fig.1. Measured heat capacity of nickel ferrite adjusted to 0 C°/min using corrections for thermocouple bias 

and heating rate shifts. 

 
 
Fig. 2. Enlarged view of Fig. 1 near the Curie temperature. 
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Fig. 3. Measured heat capacities of the polycrystalline alumina specimen compared to accepted values for 

single crystal alumina (sapphire). 
 

 
 
Fig. 4. Measured heat capacities of platinum compared to accepted values. 
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Fig. 5. Comparison of measured and fitted heat capacities of nickel ferrite.  Data at subambient temperatures 

taken from King [4].  Residual is plotted along bottom axis of graph. 
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Fig. 6. Magnetic contribution to heat capacity of nickel ferrite (CP 

mag,sw/R + CP mag,λ/R).  Spin wave contribution 
is shown as dashed line. 
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Fig. 7. Comparison of measured and fitted heat capacities of magnetite.  Data taken from Takai et al. [20], 

Gronvold and Sveen [29] and correlation of Robie and Hemingway [30].  Residual is plotted along 
bottom axis of graph. 
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Fig. 8. Magnetic contribution to heat capacity of magnetite (CP 

mag,sw/R + CP mag,λ/R).  Spin wave contribution is 
shown as dashed line. 
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Fig. 9. Comparison of measured and fitted heat capacities of cobalt ferrite.  Data taken form King [4] and 

Landiya et al. [6].  Residual is plotted along bottom axis of graph.  Note the absence of data in the 
range 725 to 1173 K. 
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Fig. 10. Magnetic contribution to heat capacity of cobalt ferrite (CP 

mag,sw/R + CP mag,λ/R).  Spin wave   
contribution as dashed line. 
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Fig. 11. Magnetic contribution to entropy for nickel ferrite and magnetite. 

 


