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Electrical-resistivity measurements at temperatures between 1.2 and 300 K and pressures up to
12 kbar have been used to determine that the pressure dependence of the Curie temperature T¢
of the ferromagnetic Heusler alloy Co;TiAl is —0.7 K/kbar. Analysis of the pressure dependence
of T¢ in the Stoner-Wohlfarth theory of weak itinerant ferromagnetism reveals the important role
of spin fluctuations in this material. Strong ferromagnetic ordering exists only in a limited range
of nearest-neighbor cobalt-cobalt spacing in itinerant ferromagnets whose only potentially magnetic
species is Co. Observation of the lack of correlation between Curie temperature and intermoment
cobalt spacing is combined with the results of high-pressure measurements to identify cobalt Heusler
alloys as examples of weak itinerant ferromagnets in which spin fluctuations are generically expected

to make a significant contribution.

INTRODUCTION

Band ferromagnetism is an important phenomenon ex-
hibited by many transition-metal compounds, but devel-
oping a complete theoretical description has been limited
because direct information about electronic structure and
the electron-electron interactions is difficult to obtain
from experimental sources. As these properties depend
sensitively on the unit cell volume, magnetic measure-
ments at high pressures can provide valuable information
about the complicated mechanisms underlying itinerant
electron ferromagnetism.!

Intermetallic compounds of cobalt are particularly in-
teresting. They exhibit a diverse array of magnetic prop-
erties, which often differ from those of analogous com-
pounds containing other transition metals such as nickel
or iron.? In particular the cobalt-based Heusler alloys
Co2 XY have received attention.3™® Ferromagnetic order-
ing, present in most of these compounds, involves itiner-
ant Co 3d electrons, which are considerably affected by
the neighboring atoms. This is to be contrasted with the
properties of the Heusler alloys X2MnY (where X is not
Co), in which essentially localized moments on the Mn
atoms are not strongly dependent on the characteristics
of the X and Y atoms.®

In this paper we present the pressure dependence of the
Curie temperature of Co;TiAl determined by electrical
resistance measurements. The experimental results are
analyzed in the Stoner-Wohlfarth theory of weak itiner-
ant ferromagnetism, and the importance of the contribu-
tion of spin fluctuations is discussed.

EXPERIMENTAL DETAILS AND RESULTS

Polycrystalline specimens were prepared by arc melt-
ing the constituent elements in an Ar atmosphere. Plat-
inum wire leads were attached to the as-cast samples
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either by spot welding or silver epoxy. The four-point
resistance was measured with a current source and lock-
in amplifier. Hydrostatic pressure was provided by a
beryllium-copper liquid clamp cell” with 1:1 n-pentane-
isoamyl alcohol as the pressure transmitting medium.
Pressure was determined inductively from the supercon-
ducting transition temperature of lead.?

Figure 1 shows the sample resistivity over the en-
tire temperature range for pressures up to 5.8 kbar.
Curves have been offset along the vertical axis for clar-
ity. The resistance is linear at high temperatures, and
decreases near 115 K indicating a ferromagnetic phase
transition, which has been observed previously at atmo-
spheric pressure.® Below this transition the resistance is
metallic, although the precise 7" dependence at low tem-
peratures has not been determined as the residual resis-
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FIG. 1. Resistivity of Co2TiAl at 0.1, 3.2, and 5.8 kbar

for sample with epoxied leads. Curves have been offset along
the vertical axis for clarity. Inset: expansion of the supercon-
ducting transition at 0.1 kbar.
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tivity is very large. The decrease in resistance at 5 K has
been observed only in samples with epoxied leads and
thus is taken not to be intrinsic to CosTiAl. A sharp
drop in the resistance at 1.48 K indicates a supercon-
ducting transition (inset Fig. 1).

At all temperatures the resistivity is only weakly pres-
sure dependent. The pressure dependences of the Curie
temperature T¢ and superconducting transition temper-
ature Ts are shown in Figs. 2(a) and 2(c), respectively.
As shown in Fig. 2(b) the Curie temperature is deter-
mined by linearizing the measured resistivity in temper-
ature intervals =~ 60 and 30 K wide above and below the
transition. The Curie temperature is identified as the in-
tersection of extrapolations from the linear regions, and
decreases slightly with pressure, at a rate of dT¢/dP =
—(0.7 £ 0.2) K/kbar. The pressure dependence of the
Curie temperature of CozTiAl has previously been mea-
sured inductively, yielding dT¢/dP = +0.6 K/kbar.®
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FIG. 2. (a) Pressure dependence of Curie temperature:
sample leads attached by spot welding (A) or silver epoxy
(O). The dashed line is a linear fit to data, giving dTc/dP =
—(0.7 £ 0.2) K/kbar. (b) Expansion of the resistivity curves
about the ferromagnetic transition, showing intervals lin-
earized for the determination of T¢. (c) Pressure dependence
of the superconducting transition temperature, with a linear
fit to the data yielding dTs/dP = —(4.6 & 0.1) mK/kbar (—
— —). A line with the slope corresponding to the pressure
dependence of the superconducting transition temperature of
Al (Ref. 12) (- - - - - ) is shown for comparision.

E. DiMASI, M. C. ARONSON, AND B. R. COLES 47

Since studies of CoaTi1_ Al for |z| < 0.25 have shown
that the magnetic properties of these compounds are
strongly dependent on stoichiometry,%1%!! and it has
been further noted! that for some materials metallurgical
inhomogeneities can lead to an anomalous pressure de-
pendence of the Curie temperature, we believe that the
difference between our results and those previously re-
ported likely arises from compositional differences. This
point will be further addressed below.

The superconducting transition temperature T, simi-
larly defined by linear extrapolation about the transition,
is also found to be weakly depressed by pressure, with
dTs/dP = —(4.6+0.1) mK/kbar [Fig. 2(c)]. The appear-
ance of superconductivity in this ferromagnetic alloy is
unusual; a more likely explanation is the presence of non-
stoichiometric regions in the sample, and there are several
clear candidates. One is elemental Al, whose supercon-
ducting transition temperature is 1.14 K, similar to that
of our samples. However, its pressure dependence has
been observed!? to be dTs/dP = —0.02 K/kbar, much
larger than our observations, and we rule out this pos-
sibility. We have used energy dispersive x-ray analysis
(EDS) to determine that the composition of the grain
boundaries differs from that of the bulk. The primary
feature is that the boundary regions have essentially no
aluminum, while the ratio of titanium to cobalt is ap-
proximately the same as that in the bulk. It is reason-
able to attribute the superconductivity in our samples to
a Co-Ti binary phase localized in the grain boundaries.
We consider the possibilities among the known binary
phases of Co and Ti. The compound Co,Ti occurs in
two structure types which have both been observed to
order magnetically below about 40 K,1314 and we dis-
count these possibilities. More likely potentially super-
conducting phases are CoTi and Co3Ti, which have been
observed to be paramagnetic down to 4.2 K,'%16 and
TizCo,7 the magnetic properties of which have, to the
best of our knowledge, not been investigated. While it is
possible that the ferromagnetism and superconductivity
we find in our samples may be related, the morpholog-
ical information obtained by EDS analysis underscores
the likelihood that the superconductivity is not intrinsic
to CoyTiAl, and we proceed under this assumption.

We have investigated the magnetization of CooTiAl
in fields up to 55 kOe. We found the saturation mag-
netization to be 19.0 emu/g and the Curie temperature
to be 124.5 K, here defined from the magnetization by
extrapolation about the steeply descending part of the
magnetization vs temperature curve. These values are
in agreement with previous observations,®%9!! indicat-
ing that our samples have similar stoichiometry to those
studied previously. Graphs of M? vs H/M (Arrott plots)
were found to be straight and parallel for temperatures
below T¢c. Together with the low Curie temperature,
these magnetic measurements indicate that Wohlfarth’s
theory of weak itinerant electron ferromagnetism is an
appropriate starting point for describing the magnetic
properties of CopTiAl 8 In the next section we will com-
bine our measurements of magnetization and dT¢/dP to
obtain an estimate for the electron-electron correlation
strength in this weak itinerant ferromagnet.
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DISCUSSION

The theory of weak itinerant electron ferromagnetism
has been applied to a number of intermetallic ferromag-
nets containing cobalt.®19722 The pressure dependence of
the Curie temperature of a weak itinerant ferromagnet is
given by

dTe 5 a

e _2 1- 2, 1

ap ~3"lc ( Tg) )
where

a _ 3U/I)I @)

T2 I—1 -~

Here I, is the bare electron interaction, I the effective
interaction, and (I/I},) lies between 0 and 1 and when
small indicates a strongly correlated system. The Stoner
term I = IN(er), where N(er) is the density of states
at the Fermi level, must be determined independently to
estimate electron correlations from the pressure depen-
dence of T¢. The compressibility « is taken to be equal
to that of CusMnAl, 9.1 x 10~ kbar—1.9

In the theory of weak itinerant ferromagnetism the
zero-temperature magnetization may be written

€ 2
M2(H,T = 0) = M?(0,0)+ [%’}_L)l‘;—BMz(o, 0)]
H

“uwETr=oy

where M is the magnetization per atom. Thus from
the slope and intercept of the low-temperature Arrott
plot an experimental estimate of the ratio N(er)/(I —1)
may be obtained.!®23 Lacking an independent measure-
ment of N(ep), we take the value of 0.96 eV~! obtained
from recent band structure calculations performed in the
symmetrized augmented plane wave method.?¢ We find
I = 1.02, a reasonable value intermediate between that of
the strongly ferromagnetic nickel (I = 1.2) and the very
weak ZrZny (I = 1.01).2% The Stoner term I can be cal-
culated directly from the spin polarized density of states
as well. From the theoretical band structure?* the result
is I = 1.7, unreasonably high for this low-Tc magnet.
However, it must be noted that the direct calculation of
I from the density of states is expected to be much more
sensitive to the details of the reported band structure
than is the value of N(ep).

We combine the theoretical value for N(er) with
our experimental magnetization and dT¢/dP, and from
Egs. (1) and (2) we find (I/I;) = 0.18. This value in-
dicates electron correlations as strong as those of Co,
for which estimates of (I/I,) range from 0.14 to 0.24.25
We believe this value to be unphysical, as weak ferro-
magnets with Curie temperatures comparable to that of
Co,TiAl typically have (I/1,) 2 0.5.1° If we instead take
(I/Ip) to be in the range 0.3-0.5, closer to the values
reported for other weak ferromagnets, the magnitude of
the negative pressure dependence of T thus predicted is
from 1.6 to 2.8 K/kbar, stronger than that observed by
a factor of 2-4. Assuming that our estimate of N(er)
is accurate, then, the observed dT¢/dP is smaller than
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would be expected for Co;TiAl to be consistent with the
Stoner-Wohlfarth theory. These results imply the pres-
ence of magnetic excitations in CosTiAl unaccounted for
by Stoner theory, a conclusion similarly reached by pre-
vious workers,® who found dT¢c/dP to be positive and
greater than the first term in Eq. (1).

Fluctuations of the magnetization at finite tempera-
tures provide such an additional excitation. Inoue and
Shimizu?® have described the pressure dependence of the
Curie temperature in a model which includes spin fluc-
tuations as well as Stoner excitations. Equation (1) is
consequently modified to become

dTe 5 (I/Ip)a + nF(£2)
ap 3"l (1 " Tod(xs 1)/0Tc + F@z)) )

in which F(&2) should be neglected to neglect spin fluc-
tuations and return to Wohlfarth’s model. Here « is a
molecular field coefficient proportional to I, £2 is the av-
erage of the square of the fluctuating magnetic moments
per unit volume, and F(£2) is an expansion in £2 of the
inverse susceptibility, taken at the Curie temperature.
The susceptibility unenhanced by spin fluctuations is xo,
and 7 contains the pressure dependence of an exchange
stiffness constant.

Since T¢ is low for CoyTiAl, the spin fluctuation term
F(&2) should dominate in the denominator of the second
term of Eq. (4). In this case, taking the parameter 5
to be roughly of order unity, neglecting F(£2) will lead
to a larger magnitude of negative dT¢/dP. While we
have insufficient information to determine F(£2) exper-
imentally, it is qualitatively clear that spin fluctuations
substantially reduce the pressure dependence of the Curie
temperature of Co,TiAl. The implication, then, is that
for Co,TiAl, spin fluctuations and Stoner excitations are
of comparable importance in determining dT¢ /dP. Since
the two contributions are so closely balanced in Co,TiAl,
it is reasonable to expect that if either or both are sen-
sitive to small variations in composition, internal strain,
or microstructure, then the overall magnitude and even
the sign of dT¢/dP may well be sample dependent, ex-
plaining the difference between our results and those of
Ref. 9.

The systematics of magnetism in cobalt intermetallics
is interesting, and not yet well understood. Several sim-
ple parametrizations have been applied with some suc-
cess to certain families of materials. It has been shown
that high Curie temperatures are associated with high
molar fraction of Co for CaCus-type Y- and Th-Co
intermetallics.?® Heusler alloys of composition Co, XY
have been investigated and some correlation between
cobalt moment and electronegativity of the X atoms was
found.?” The mechanism of Co 3d band filling from more
electropositive neighboring atoms was also discussed by
Coles,? who pointed out that in order to overcome such
band filling the cobalt-cobalt spacing in such materials
should exceed that of pure Co (2.5 A) in order for ferro-
magnetism to exist.

Correlation between intermoment spacing and the exis-
tence of magnetic ordering has been observed for several
types of intermetallic d- and f-electron systems whose
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FIG. 3. Cobalt-cobalt spacing vs Curie temperature T¢

(a) and Tc vs dTc/dP (b) for intermetallic materials whose
only potentially magnetic species is Co. Lines in the figure are
guides for the eye. In (a) the dashed line marks the abrupt
boundary at 2.5 A between strongly magnetic systems and
those in which the magnetism has been suppressed. Solid
lines indicate the dependence of T¢ upon Co-Co spacing in
the region 2.5-2.7 A. In (b) the solid lines indicate the mono-
tonic decrease of dT¢/dP with decreasing Curie temperature
Tc, while for materials with Tc S 400 K (dot-dashed line)
dT¢c/dP deviates from this trend. O: Heusler alloys Co2 XY
and related compounds (Refs. 3, 4, 9, and 30); A: Laves
compounds RCo; with R =Y, Lu, and Zr (Refs. 31-34); :
YCos, Y3Co2, YoCo7 (Refs. 2 and 20); O: RCos and RCosB
with R=Th, Y, La, Lu (Refs. 20, 21, and 35-38); < : R2Cor
and R2Co;7 with R=Y, Th (Refs. 20, 39, and 40); D<:: Co,Ti,
CoTi, CosTi (Refs. 13, 15, and 16); ®: CozB (Ref. 22); =
Co.

magnetic moment bearing species are V, Cr, Mn, Ce,
U, Np, and Pu.?®?° Combining high-pressure measure-
ments with such materials studies provides a powerful
means of testing the importance of chemical pressure
effects on electronic structure, and the investigation of
relationships between the lattice constant and magnetic
characteristics is expected to complement the results of
pressure investigations.

Figure 3(a) shows the relationship between nearest-
neighbor cobalt-cobalt spacing and Curie temperature
for a number of itinerant magnets whose only potentially
magnetic element is Co. For some materials, a weighted
average over more than one neighbor has been used. We
identify three qualitatively different regions of this plot.
The lack of strong magnets with Co-Co spacing below
2.5 A is striking. Note that only one material with a
substantial Curie temperature, Co2B, has a lattice spac-
ing less than that of pure cobalt. Rather than presenting
an exception to Coles’ rule of thumb, it satisfies it also
as boron is less electropositive than cobalt.

As the figure shows, R-Co magnets which have Co-Co
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spacing in the range 2.5-2.7 A and T¢ = 400 K show a
strong dependence of T¢ upon the intermoment spacing.
An exception in this region is Co3Ti, a paramagnet with
Co-Co spacing of 2.55 A. The cobalt atoms in this mate-
rial are twelvefold coordinated,'® and it is possible that
with such a high number of near neighbors the cobalt
atoms may share electrons in covalent bonds. Such elec-
tron sharing might be expected to suppress magnetism is
much the same way as electron transfer from electroposi-
tive neighbors would, suggesting that CozTi may appro-
priately be grouped with the nonmagnetic compounds
with spacings less than 2.5 A. The dependence of Tc
upon spacing observed between 2.5 and 2.7 A is absent
in the more widely spaced low-T Heusler alloys. It has
been noted previously that Co magnets with T < 400 K
depart from trends followed by the stronger magnets for
which the Wohlfarth formalism for the pressure depen-
dence works very well.?° This is borne out by Fig. 3(b) as
well, which illustrates the strong dependence of dT¢/dP
on T¢ for materials having high Curie temperatures, and
the tendency for weaker magnets to be less strongly pres-
sure dependent than one would expect from extrapola-
tion from the high-Tc magnets. In the weaker magnets,
then, both Co-Co spacing and d7¢/dP point to a devi-
ation from the simple band filling behavior encountered
in the high-T> materials. These low-T magnets which
depart from trends in spacing and dT¢ /dP are good can-
didates for the study of the effects of spin fluctuations.

SUMMARY

We have reported electrical resistivity measurements
of Co,TiAl at temperatures between 1.2 K and room
temperature and at pressures up to 12 kbar. We have
determined the pressure dependence of the Curie tem-
perature to be d7¢/dP = —0.7 K/kbar, and have shown
that in this material spin fluctuations substantially de-
crease the pressure dependence of 7. A weakly pressure
dependent superconducting transition has been observed
at Ts = 1.48 K, with dTs/dP = —4.6 mK /kbar, and is
attributed to a Co-Ti binary phase localized in the grain
boundaries. The correlation between nearest-neighbor
cobalt-cobalt spacing and the presence of ferromagnetic
ordering has been investigated for a number of materi-
als in which the only potentially magnetic species is Co.
We illustrate that the materials having Curie temper-
atures S 400 K which do not exhibit a dependence of
Tc on intermoment spacing are also only weakly affected
by pressure. Spin fluctuations are expected to make an
important contribution to the magnetic interactions in
these weak itinerant ferromagnets.
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