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Systematic studies of the specific-heat anomaly and of the entropy changes at the Verwey transition in the
Fe;_TiLO, and Fg_,Zn,O, series are reported. These investigations clearly demonstrate thaf Tk,
and Fg_,Zn, 0,4, as in magnetite, there occurs only one, well defined phase transition. In the composition
range G<x,y<0.012 the phase transition is of first order, as manifested by extremely sharp spikes in the
specific-heat curve at the transition temperafljye for 0.012<x,y<0.04 the transition is of second or higher
order, consistent with the broadened specific-heat anomalieJ pedreviations from the undoped @, state
result in a lowering of the transition temperature and in a concomitant diminution of the entropy of the
transition in a manner very similar to nonstoichiometric magnetite. The difference in heat capacityThelow
for the first- and second-order samples is analyzed and the lattice properties are identified as the principal factor
responsible for this differenc§S0163-182@06)01741-9

INTRODUCTION studies. It therefore appeared to be of interest to complement
the above transport studies with a systematic determination
The Verwey transition in magnetite has been extensivelyf the heat capacities of ke, Ti,O, and Fg_,Zn,O,, which
studied since 1926; heat-capaci) measurements repre- is basic to a thermodynamic characterization of the Verwey
sent a basic aspect of these investigations. Past work h&snsition in magnetite.
been characterized by a wide diversity of findings; careful Several experimental findings from previdds results on
adjustment of oxygen stoichiometry has lately beenO compounds have already been cited; among the most im-
showrt~3 to be absolutely essential for obtaining reproduc-portant are:
ible results. A summary of earlier heat-capacity work can be (1) The entropy of the transition for stoichiometric mag-
found in Ref. 1; additional investigations since 1983 arenetite is close tcAS,=RIn2 per mole and decreases with
listed in Refs. 2—6. It has been demonstrafethat for  increasing degrees of nonstoichiometty The variation of
0.0005< 6<0.003%= 6, in Fey;_5;0, the Verwey transition S, with 6 was mimicked by the phenomenological model
is of first (1) order; the transition temperatufg diminishes formulated by Arago and Honig}* based on the approach
linearly with increasing cation vacancy density. Forpioneered by Stssler and Kittel(SK).}?> The interacting
8:.<8< 36, the transition is of second or higher ordgl), electron system was parametrized by a quasi-two-level
with a further diminution inT, asdis increased. Fof~ 346, model with degeneracieg, and g, which, when fitted to
one reaches the magnetite-hematite phase boundary. experimental results foff, vs nonstoichiometry, led to
These findings were confirmed by electrical transporty,/go=2 and 1 for first- and second-order samples, respec-
studies and by Mssbauer measuremehton F&u-50, (0O  tively. This model was further extended by Honig and
serie. It has also been shown that titanomagnetitesSpalek in Ref. 13, where the SK model was derived as a

Fe;_,TiO, (T serie$ and zinc ferrites, kg ,ZnO, (Z se-  limiting case of a microscopic order-disorder model. The
ries), exhibit almost identical electrical transport system is simulated by pairs of octahedrally coordinated Fe
properties;'°with the correspondencesd>x«<y. Disconti- ions in the Fé2 and Fé 2 valence state, giving rise to three

nuities in transport coefficients &f were encountered in the energy levels of the system, with interactions simulated by
range 0<x,y<34. and discontinuities in their slop@vith  the energy separation between the levels which varies with
variations in temperaturel) at T, were observed for the degree of their occupation. With rising successive
36.<x,y<96.. The advantage of Ti and Zn doping over states are gradually occupied, with a sudden change of occu-
oxygen excess is the accessibility of the regixsey>94,, pancy atT,, which results in a sharp increase of entropy
for which no Verwey transition was noted in the electrical AS, close toT,.}* The data collected so far led %S,
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values for first order very close to those theoretically pre-
dicted. Such an analysis was not performed for the second- 140+
order samples, because of large errors arising from problems 120
of baseline determinatiorisee below.

(2) Heat capacities for I- and Il-order samples are very < 100
nearly equal above their transition temperatures, &yfor é 80
I-order samples is much lower than that of ll-order samples < 60f
below their transition temperature. This vital point provides :’/Q ol

)

experimental support for the hypothesis that highly nonsto-

ichiometric samples really undergo a second- or higher-order 207

transition(and not a series of closely spaced first-order tran- 0

sitions at the Verwey point, as suggested by some

theoried®); this is a starting point for the discussion of the

:s\tsc_?_ Cogglﬁug?rlhteo :]t?o:/jéﬁ;reerr:t(i:gselg 253;:;;%?52:6;32' FIG. 2. Typical heat-capacity data for £Ti,O, in the first-
ve . ; x=0.0065) and second-ordex=0.0310) transition regimes.

should be checked out for the and Z series as well. The ( ) t ) g

results of our investigations are described below.
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Temperature (K)

anomalies, and the values of the Verwey transition tempera-
tureT, .

EXPERIMENTAL DETAILS
L EXPERIMENTAL RESULTS
The T andZ samples were grown in single-crystal form

using the cold crucible, skull melting technidfiewhich Typical heat-capacity@,) vs temperatureT) curves are
avoids contamination by crucible material. Particular caredisplayed in Figs. 1, 2, and 4. Figure 1 shows measurements
was taken to ensure attainment of the ideal 4/3 oxygen ton pure FgO,, in excellent agreement with earlier wotR.
cation stoichiometry ratio, by appropriate CO/CO One should note the very sharp pealOpatT,=121 K, as
anneals’*°The titanium and zinc content and uniformity of well as the small pre- and postmonitory effects in the base-
distribution were monitored by electron microprobe tech-line. Figure 2 displays results for EgTi,O, with
niques. x=0.0065 in the first-order and witx=0.0310 in the

To check the reproducibility of our results two distinct second-(or highe) order regime; the corresponding “raw”
sets of measurements were undertaken: a relaxation-tymifective Debye temperatur@(T) (calculated from the total
calorimeter of the type described in Ref. 20 was employed afeat-capacity dajds shown in Fig. 3. In Fig. 4 are shown
Purdue University, whereas an adiabatic calorimeter of startypical heat-capacity data for ge,Zn 0O, for y=0.0110,
dard design, described at length in Ref. 21, was used at Kraubject to the first-order-type transition, and for 0.0280,
kow. Apiezon N grease served as a thermal contact for bondsorresponding to the second-order regime. The Debys
ing the samples to the sapphire plate which also contained dgmperature relation for these compounds is shown in Fig. 5.
evaporated heating element. A calibrated Pt thermometefhese results are typical of a large number of investigations
was used in the adiabatic calorimeter down to the cryogenion theZ andT systems. In Fig. 6 we pldE, vs 35, x, andy
temperature range, below which an Rutbermometer was for nonstoichiometric magnetite, dilute titanomagnetites, and
employed; the estimated error in temperature measuremergéc ferrites; the composite includes the earl@p and
was 0.3 K. In the relaxation arrangement an unencapsuelectrical-transport measurements on3d:g)o4.1*6'7 The
lated GaAsP diode was employed. Data acquisition occurreHeat-capacity anomalies for the first-order transitions are
under computer control. Careful examination of the data setbroader in theT andZ series than for kg _ 50,. This pre-
showed excellent agreement between the measurements carmably reflects the difficulty in achieving uniform Ti and
ried out on the two types of equipment with respect toGhe
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FIG. 3. Variation of the effective Debye temperatevith T

FIG. 1. Heat-capacity measurements of stoichiometrigOfe for first- and second-order transition regime of Ti-doped magnetite
showing the sharp Verwey transition at 121 K. samples.
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FIG. 4. Typical heat-capacity data for §=62n,0, in the first-
(y=0.0110) and second-ordey < 0.0280) transition regime.
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FIG. 6. Composite plot of Verwey transition temperature vs
ferrite composition in theD, T, andZ series. Data based aDy,
and electrical resistivity measurements. Fer®9, X, y,<3§; one

Zn distributions, as compared to the more uniform cationencounters first-order transitions in the range 121-110 K. For
vacancy density, because of the much lower diffusion ratgs.<34, x, y<98, one encounters second-order transitions in the
for the former as compared to the latter species. Nevertheange 100-81 K.
less, the Verwey temperature could always be clearly identi-
fied from the peak position of the, vs T curve. plot. As already mentioned, a rationalization of these results
In Table | we present the entropiésS, of the Verwey  has been furnisheth'#in particular, the ratio of the slopes
transition calculated from our data compared with the dataf the straight lines, In2, can be interpreted on the basis of
from the literature; only heat-capacity measurements exhiborder-disorder theofy?® of first- and second-order transi-
iting a single peak were included. The large spread 8, tions. All these suggest that the Verwey transition should be
values shows very clearly the difficulty in estimating entro-inked to the ratio of divalent to trivalent iron occupying the
pies by taking the areas under the heat-capacity anomaliggtahedral interstices. The ¥éFe** ratio can be altered
because of the uncertainties in drawing the appropriate baseither by incorporating excess oxygen on anion sites or by
line. doping with Zrf™ or Ti** which exclusively enter the tetra-
hedrally or octahedrally coordinated cation interstices,
respectively.
. . (3) Above T, the baselines of all samples merge, while
The following points are noteworthy: below T, those of the second-order specimens inTher Z

(1) There is a close analogy betwe&) measurements ggries are higher than those of the first order, as is clearly
for the O, T, andZ series. This is not surprising, because atgeap in Figs. 2 and 4.

the dilute concentrations under study the properties of the 4) There is a sudden shift of(T) at T~T, for first-
host lattice dominate. However, the heat-capacity data for Ty qyer samplegFigs. 3 and 5 in comparison tvo thed(T)

samples lie slightly above those of other compounds. Theyirapolated from highT; no such shift exists for second-
reason for this minor discrepancy is unclear. order samples.

(2) Figure 6 shows that the 8>x«ey correspondence  Thoge [ast two experimental observations are naturally in-

applies to thermodynamic properties as well as to electrong connected; our further discussion is mainly devoted to
transport characteristics, for which this correspondence haghage facts.

been established earligt? Also, one can clearly recognize  The common heat-capacity baselines for temperatures

the first-order and second-order regimes on this compositg,qye the transition for all three series and both orders can
be rationalized by the fact that the specific heat at this region

DISCUSSION

600 ' . . ' is dominated by the lattice component, which should be al-
Fes,Zn,0, PR most the same for all samples under consideration: all
5500 P g samples have cubic symmetry abolgand the differences

iVL
il

in lattice dynamics caused by dopants and/or vacancies are

x - 600 too small to be noticeable. Also, we did not observe any
oo S00F - 550M' short-range order or fluctuation effects in the specific-heat
i curves atfT=10 K above the transition. Other contributions
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(e.g., magnetic excitation contributipare also too small to
be detected.

For temperatures below, contributions to the specific
heat aside from the lattice component may be considered.
The first contribution relates to magnon excitations. This

problem has been treated in several papers og FfO,,

e.g., Ref. 5, where the magnon component for first- and
second-order transition samples have been estimated from
low-temperatureC, data(0.3<T <10 K), assuming the con-

FIG. 5. Variation of the effective Debye temperat@evith T
for selected samples of Zn-doped magnetite. Inset sh&@9
curve after Takagt al. (Ref. 28.
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TABLE |. Summary of the data pertaining to the Verwey transition. and the entropy of trangition.
indicates fractional vacancy concentration.

T AS,

(é) (J/mole K Sample description Reference
115.0 5.44 Fg0,, natural crystal 22
114.2 4.39 Fg0,, natural crystal 23

80.0 3.46 FeO,, 0.66 at. % Zn, natural crystal §@,, 24,25
114.7 5.44 0.5 at. % Cd, natural crystal 24, 25
105.7 4.11 FgO,, 1.0 at. % Cd, natural crystal 24, 25
123.6 6.24 Fg0,, c<5X1078, single crystal 2
116.6 5.44 FgO,, c=1.5X 1072, single crystal 2
122.8 5.40 FgO,, c=10"°, powdered crystal 2
121.6 4.73 FgO,, c=4x10"*, polycrystalline FgO,, 2
118.4 4.14 c=2x10"3, polycrystalline 2
123.8 6.16 Fg0,, single crystal 28
120.8 5.98 Fg0,, single crystal 1
120.4 5.80 Fg1- 504, 6=0.0002, single crystal 1
119.4 5.60 F&1- 504, 6=0.0007, single crystal 1
114.9 5.30 F&1- 504, 6=0.0017, single crystal 1
109.7 4.00 F&1- 504, 6=0.0035, single crystal 1

97.5 1.73 Fg1- 504, 6=0.0049, single crystal 1

95.0 1.63 Fg1-504, 6=0.0068, single crystal 1

89.0 1.78 F&1-504, 6=0.0096, single crystal 1

81.5 1.08 F&1-504, 6=0.0121, single crystal 1
121.0 5.80 FgO,, single crystdl This work
120.6 5.90 Fe ,Ti,O,, x=0.0025, single crystal
120.0 5.20 Fg ,Ti,O,, x=0.0032, single crystal
119.8 5.90 Fg ,Ti,O4, x=0.0040, single crystal
114.4 4.80 Fg ,Ti,O4, x=0.0065, single crystal
1175 4.10 Fg_,Ti,O,, x=0.0071, single crystal
112.9 4.80 Fg_,Ti,O4, x=0.0075, single crystal
114.0 3.50 Fg ,Ti,O,, x=0.0097, single crystal

95.0 1.20 Fe_ ,Ti,O,, x=0.0235, single crystal

90.0 Fg_,Ti,O,, x=0.0310, single crystal
119.0 5.30 Fg ,Zn0,, y=0.0020, single crystal
116.0 3.30 Fg ,Zn0,, y=0.0050, single crystal
110.7 4.20 Fg ,Zn,0,, y=0.0110, single crystal

90.0 0.70 Fe ,Zn0,, y=0.0280, single crystal

88.5 2.00 Fe_,Zn,0,, y=0.0280, single crystal

83.5 0.75 Fe_,Zn,0,4, y=0.0360, single crystél

@Adiabatic technique.
bRelaxation technique.

ventionaICp~T3’2 relation. In our case this contribution is  The last two contributions might explain the difference in
three orders of magnitude smaller than the experimentalljeat capacities between |- and ll-order samples mentioned in
determined specific heat and can be neglected. point (3) above. However, this explanation seems to contra-

A second contribution, for second-order transitions,dict the # vs T behavior depicted in Figs. 3 and 5. We would
relates to the thermal fluctuations ultimately leading to theexpect a smoothly varying “raw” (T) for first-order
Verwey transition, giving rise to an additional specific-heatsamples(additional components are smalvhereas for the
component not far from the transition. The fluctuation com-second-order materials, due to possible additional contribu-
ponent should be absent for first-order samples. tions beyond the lattice compone{;,T) should decrease as

A third possible contribution arises from the above-T falls below the transition temperature. What we observe is
mentioned order-disorder models: the energy separatiojust the reverse: there is a shift 6(T) at T~T, for first-
between ground and excited states is smaller for 1l- than foorder samples in comparison to tR#éT) extrapolated from
l-order samples at alT<T, (see Fig. 10 of Ref. 6 This  high T, which shows that the specific heat beldy cannot
means that excited energy states are more populated for Ibe obtained by a simple extrapolation of its hig{T>T,)
order samples, thus Ieading(ﬁﬂ>c'p, as is experimentally dependence. In contrast, for second-order speciri€nkis
observed aT<T,. a smoothly varying function across the transition. These ob-
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servations imply that contributions other than lattice compo- - . - - -
nents are absent, or are too small to be detected; we thus 085r L, Fes2n0, I
suggest that the observed jump éhis mainly due to a A y=001 prrasaecs
. . . . 060F o y=o0.028 RUeSS T TEL

change in lattice dynamics. 9 O y= 003 & il

If we adopt the above conclusions the picture emerges © 055+ b
that the lattice of the first-order samples rapidly becomes ie’
more rigid asT falls belowT, . This is in agreement with the 2050¢ LN 1
observed sharp increase of sound velocity igdzavhen the 5 o050l NW
sample is cooled down through the transitidMNo such sud- 045r o 05 d
den change of structure is present for second-order samples. 0.40L. A e e s
The Debye temperature for these two structures differ by 60 80 100 120 140 160
about 40-50 K, roughly comparable to the values 539 and Temperature (K)

511 K for | and Il order Fg; 50, samples, cited by FIG. 7. C,/T vs temperature for selected §¢Zn,O, samples
KoenitzeP from measurements in the low-temperature re-(ransition peaks are removedhowing clearly the difference i@,
gion. The similar shift ind for stoichiometric magnetite was between first- and second-order transition regime bélgwCalcu-
also observed by Takai al?® (see the inset of Fig.)5how-  ation of the minimum difference in lattice entropies between a
ever, no conclusions were drawn by them with respect tgample withy=0.036 and stoichiometric magnetite is suggested in
second-order samples. the inset(coordinates are the same as on the main figure

It is well established that the structure of stoichiometric
magnetite changes at the transition from cubic abbye¢o lattices is the same above the transitit\ased on the same
presumably monoclinf€ (or triclinic®®) below this tempera- specific heat for thes€), one may calculate the total entropy
ture. There are no available high precision data concerninghange from 0 K. The difference in the entropy for first- and
the crystal structure of kg 50, Fe_yZn0O,, and second-order samples then becomes a measure of the number
Fe;_TiyOs (X,y<0.04) belowT,, but both the Verwey of electronic states involved in the Verwey transition. The
transition and a sudden change of the easy axis of magnetitata for the total entropy of stoichiometric magnetite and the
zation observed in these materials could be interpreted as ame with §=0.0121(second-order regimeshows(Fig. 8 of
indication of the same change of structure as in magnetiteRef. 6 that these values are the same to within 2%. If cor-
However, it was reported recenfly??that long-range crys- rect, it suggests that the number of electronic energy levels
talline order is actually missing below, for second-order involved in the Verwey transition is the same, irrespective of
samples: instead, the system was reported to break into smalie order of transition.
domains (approximately 28 cubic unit cells fo§=0.006 In summary, we have presented heat-capacity measure-
diminishing in size with rising nonstoichiomet?y. The  ments on Fg_,Ti, O, and Fg_,Zn,0, which complement
vibration spectrum of such a collection of domains may beearlier studies on kg_;0,. As for magnetite we encounter
much softer than that of the uniform structure and may rea single first-order-type transformation in the range>Q
semble the vibration spectrum of the cubic lattice. Our datay<35,=0.0117, and a broad anomaly, extending over a
stress the need for a precise structure determination of notarge temperature interval, in the range§.3x,y
stoichiometric and/or slightly doped magnetite. Such mea<945,=0.035. The Verwey transition temperatufg de-
surements are now in progress. creases linearly with increasingandy, in two distinct re-

Whatever the reason for the breakdffT) near 120 K for  gimes corresponding to the first and secofwd highe)
first-order samples, the fact that no common base line belowrder-type transition. The difference in heat capacity below
and aboveT, exists must be taken into consideration whenT, for first- and second-order samples was analyzed and is
calculating the total entropy of the transition. This entropycorrelated with the difference in lattice properties between
may involve the component due to the lattice symmetrythese classes of materials: there is a change of elastic prop-
change. The proposed evaluation of this component is basestties in first-order samples, while no such change is present
on the premise that in the temperature region 85-118d€ in second-order specimens. This suggests that the lattice con-
Fig. 7) the heat capacity for samples of both orders is domitribution to the Verwey transition should be considered. Such
nated by pure lattice contributiorifor | order: low-T lattice,  an interplay between structural and electronic transitions was
for Il order, highT lattice). Then, the entropy that must be observed in theA-15 superconducting materidfsand dis-
released by the loW- structure so that its heat capacity even-cussed in highF, superconductors. Nevertheless, precise
tually coincides with the high- result is at least as large as neutron-scattering and/or elastic properties measurements are
the area shown in Fig. Tinse), i.e., is equal to~ 1.9  required to complement our heat-capacity data and to cross-
J/mole K. This may be regarded a lower bound on the estieheck our suggestions.
mate of the lattice component of the entropy. The tentative
assumption that it is principally the lattice specific heat
which contributes taC, below T, for ll-order samples, and
allows us to integrate the area betweeg T vs T of I- and This research was supported by NSF Grant No. DMR 92
[I-order samples to arrive at an upper bound for the lattice22986 and by the Faculty of Physics and Nuclear Tech-
component in the transition as 2.7 J/mole K. These remarksiques, University of Mining and Metallurgy, Krako D. K.
suggest that the lattice introduces a significant component tavas partially supported by the Korea Science and Engineer-
the entropy of Verwey transition. ing Foundation. We thank Professer J. Spalek for illuminat-

If we assume that the dynamics of first- and second-ordeing discussions.

ACKNOWLEDGMENTS



12 098 KOZtOWSKI, KAKOL, KIM, ZALECKI, AND HONIG 54

1J. P. Shepherd, J. W. Koenitzer, R. Arag€. J. Sandberg, and J. 2°B. F. Griffing and S. A. Shivashankar, Rev. Sci. Instrusd,

M. Honig, Phys. Rev. B1, 1107(1985. 1030(1980.
2E. Gmelin, N. Lenge, and H. Kronitier, Phys. Status Solidi A 21z Tarnawski, Ph.D. thesis, Warsaw, 1984 Polish.
79, 465 (1983. 22G. S. Parks and K. K. Kelley, J. Phys. CheB, 47 (1926.
3E. Gmelin, N. Lenge, and H. Kronttier, Philos. Mag. B50, 41 23R /. Millar, J. Am. Chem. Soc51, 215(1928.
(1984. 243.J. Bartel and E. F. Westrum, Jr., J. Chem. Thermo#y683
4M. 0. Rigo, J. F. Mareche, and V. A. M. Brabers, Philos. Mag. B (1976.
5 48, 421(1983- i 25). J. Bartel and E. F. Westrum, iMagnetism and Magnetic
J. W. Koenitzer, P. H. Keesom, and J. M. Honig, Phys. Rev. B \jaterials-1974(San Francisco Proceedings of the 20th Annual
6 39, 6231(1989. . , Conference on Magnetism and Magnetic Materials, edited by C.
J. P. Shepherd, J. W. Koenitzer, R. Aragd. Spatek, and J. M. D. Graham, G. H. Lander, and J. J. Rhyt&P, New York
Honig, Phys. Rev. B3, 8461(1991). 1575 0 86’ T ' o ' ’

"R. Aragm, R. J. Rasmussen, J. P. Shepherd, J. W. Koenitzer, ang
J. M. Honig, J. Magn. Magn. Mateb4-57, 1335(1988.

8G. Haley, J. G. Mullen, and J. M. Honig, Solid State Commun.
69, 285(1989.

op. Wang, Z. K&ol, M. Wittenauer, and J. M. Honig, Phys. Rev.
B 42, 4553(1990.

107, Kakol, J. Sabol, J. Stickler, and J. M. Honig, Phys. Revi@

J. M. Honig, Phys. Chem. Mineralks, 476 (1988.

27T, J. Moran and B. [thi, Phys. Rev187, 710(1969; K. Siratori
and Y. Kino, J. Magn. Magn. MateR0, 87 (1980.

283, Takai, Y. Yukikuni, H. Kawai, T. Atake, and E. Sawaguchi, J.
Chem. Thermodyn26, 1259(1994).

29G. Shirane, S. Chikazumi, J. Akimitsu, K. Chiba, M. Matsui, and

Y. Fuijii, J. Phys. Soc. Jpr89, 947 (1975.

1975(1992.
uR Ara(g'm 3nd J. M. Honig, Phys. Rev. 87, 209 (1988. 30y, Miyamoto and S. Chikazumi, J. Phys. Soc. JB1, 2040
125, strasler and C. Kittel, Phys. Re39 A758 (1965. (1988.
133, M. Honig and J. Spatek, J. Solid State Ch@®.115(1992.  >'R. Aragm, P. M. Gehring, and S. M. Shapiro, Phys. Rev. Lett.
H. Kloor, Ph.D. thesis, Purdue University, 1994. 70, 1635(1993.
153, R. Cullen and E. Callen, Phys. Rev. L&, 236 (1971). 32R. Aragm and J. W. Koenitzer, J. Solid State Chehl3 225
184, H. Harrison and R. Aragn Mater. Res. Bull13, 1097(1978. (1994.
73. M. Honig and R. Arage, Z. Anorg. Allg. Chem.541, 80  33A. Kozlowski, Z. Kgol, R. Zalecki, and K. S. Knightunpub-
" (1986. . lished.

P. Wang and J. M. Honig, Mater. Res. Buli3, 237 (1988. 34A. Junod, D. Bichsel, and J. Muller, Helv. Phys. Ada, 580

9p, Wang, M. W. Wittenauer, D. J. Buttrey, R. W. Choi, P. Met- (1979.
calf, Z. Kgol, and J. M. Honig, J. Crystal Growth04, 285 354, Junod, A. Bezinge, and J. Muller, Physical62, 50 (1988.
(1990.



