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to be important because, e.g., pair interactions
are partially compensated at the fixed point by
quadruple interactions of the same range.

In Table II we have listed the locus K, * of the
fixed point in the various approximations togeth-
er with the left eigenvector 7o =@, /@, belong-
ing to Ap. From this table one observes which
interaction parameters are included and also that
among the K * the nearest-neighbor interaction
stands out by a factor 15 over the other (negative)
pair interactions, which again are a factor 4
larger than the four-spin interactions and many
times larger than the six-spin interactions. Al-
though the fixed point shifts notably, a lower ap-
proximation could very well be used as a guess
for the fixed point of a higher approximation, in-
dicating that the transformation does not develop
singularities for larger and larger clusters at
the fixed point (which is a basic assumption in
the renormalization approach).

In Table I the values for Ay, Ay, and K, are
given and compared with the values for a triangu-
lar Ising system.* The last approximation (seven
cells symmetrically arranged) gives particularly
accurate values, in our opinion, not only because
it is the largest basic figure but also because its
symmetry is the same as that of the lattice. On
the basis of these Ay and x5 we find, e.g., the

critical exponents
v=1nl/Inx;=0.973,

10
5=1nx,/(21nl - Im\ ;) =15.017, 10)

which should be compared with the exact values v
=1 and 6=15. The value of r, may be compared
with the coefficients giving the variation of T .(J)
with J around the Ising system (J,=0, &+ nn)
obtained either analytically® or numerically.®
Dalton and Wood® find 7,,,=1.35. Our rather high
value of 1.607 could be lowered only a few hun-
dredths by accounting for the curvature of the
surface of criticality. One must conclude that
longer-range forces than fit in our largest clus-
ter play a role in determining 7.
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Measurements of the magnetization of FeBr, and FeCl, as a function of magnetic field,
temperature, and hydrostatic pressure establish lines of tricritical points Ty, with slopes
(T3) " 'dT,4,/dP=~0.025, +0.021, and +0.040 kbar™! for the low~ and high-pressure phases
of FeCl, and for FeBr,, respectively. The variation of the tricritical transition with pres~
sure should provide sensitive tests of theories relating interaction constants in the Hamil-
tonian to tricritical behavior in magnetic systems.

Considerable interest has been aroused recent-
ly by the existence of tricritical points, which in-
volve the meeting of a line of second-order tran-
sitions with a line of first-order transitions.®
Metamagnets such as FeCl, and FeBr,? provide
typical examples of such tricritical points; other
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examples are the two-fluid critical mixing point
in He®-He*, the order-disorder transitions in
NH,CI1 and NH,Br, thin superconducting films,
and the metamagnet dysprosium aluminum gar-
net, There are two levels to the problem of tri-
critical points. The first is understanding their



VoLuUME 31, NUMBER 23

PHYSICAL REVIEW LETTERS

3 DECEMBER 1973

existence and their variation with external con-
ditions such as applied pressure, and the second
involves the critical exponents close to the tri-
critical point, As a consequence of the difficulty
in getting a sufficiently uniform magnetic field
nothing can be said about the second problem
from our magnetization measurements.

FeCl, and FeBr, possess, respectively, at at-
mospheric pressure a hexagonal structure of the
CdCl, type (with three Fe atoms per unit cell)
and of the CdI, type (with one Fe atom per unit
cell). FeCl, has the additional feature that a
change in crystal structure occurs at a pressure
of a few kilobars (2 kbar at low temperatures),
from the low-pressure phase (FeCl,); to a high-
pressure phase (FeClL);; which, it has been sug-
gested,® is of the Cdl, type. FeBr, and (FeCL),
can be considered as composed of hexagonal
sheets of Fe?* spins, which at low temperatures
are ferromagnetically aligned along the hexagonal
c axis, whereas successive sheets are stacked
antiferromagnetically.*

When an internal magnetic field H ( that is, the
external field H ;) less a demagnetizing field) is
directed along the ¢ axis, then, at a threshold
field H., a transition occurs to a paramagnetic
phase of high magnetic moment, At a given pres-
sure P this transition is of first order (or meta-
magnetic) from temperatures T'=0 to T, and of
second order (or Néel transition) between Ty,
and Tn(H =0), where T y(H =0) is the Néel temper-
ature in the absence of an applied magnetic field
(Fig. 1).

One can expect to determine, from experiments
performed at various pressures, a tricritical
line in H,T, P space. A rather complete know-
ledge of the high-pressure magnetic behavior of
these compounds is needed in order to relate the
values of the tricritical parameters to the rel-
evant magnetic parameters such as exchange and
anisotropy coefficients. This is why we have de-
termined completely, under various high-pres-
sure conditions, the first-order line and the sec-
ond-order line which meet at the tricritical point.

The magnetization M of single crystals of FeBr,
and FeCl, has been determined as a function of
field up to 50 kOe, pressure up to 6.5 kbar, and
temperature between 4.2 and 30 K. The experi-
mental techniques have been described else-
where.® Small disks of 5 mm diameter, which
have been cut perpendicularly to the hexagonal
¢ axis, have been stacked together in order to
get cylinders of 10 mm length. The bulk samples
are thus not of ellipsoidal shape, and the internal
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FIG. 1. Magnetization M versus applied field Hypp for
FeCl, at atmospheric pressure at 7=0 K. Below the
tricritical temperature 7'3,=20.3 K, one observes a
metamagnetic transition where the slope of M(H ) is
due to the demagnetizing field only. The threshold field
H, of the metamagnetic transition is determined as in-
dicated. That of the second-order (continuous) anti-
ferromagnetic-paramagnetic transition is defined from
the slope discontinuity of the M(H ) curve.

magnetic field tends to be, to some extent, in-
homogeneous.

Typical curves of magnetization as a function
of external magnetic field for difierent tempera-
tures at constant pressure are shown in Fig, 1,
At the first-order transition, it is assumed that
the slope in the magnetization curve is due to de-
magnetizing effects.? Above the tricritical tem-
perature, the critical point is defined from the
point where a slope discontinuity appears.® In
order to convert these data from external field
to internal field it is necessary to make some as-
sumption about the demagnetizing field. We as-
sume that we may define a demagnetizing factor
from the magnetization curves at low tempera-
tures; it is further assumed that the demagnetiz-
ing factor does not vary in the second-order re-
gion.

At low temperature, below the tricritical point,
the first-order threshold field is defined within
a few oersteds. The inhomogeneity in the inter-
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FIG. 2. Magnetic phase diagrams of FeBr,. Full
straight line separates regions where the antiferromag-
netic transition is of first order (at low temperature)
and second order (at high temperature).

nal field gives rise to a nonlinear magnetization—
external-field (M -H ,;,)) relationship only at the
beginning or at the end of the field range where
antiferromagnetism and paramagnetism occur
simultaneously. Above the tricritical point, up
to the zero-field Néel temperature, the threshold
field is defined within a few tens of oersteds. The
experimental situation is difficult to describe with
good accuracy in the neighborhood of the tricri-
tical temperature. In the range T,,+0.5 K, it is
more and more difficult to define the order of the
magnetic transition as the temperature approach-
es T,.. We define the tricritical temperature at
a given pressure as the temperature for which
dM /dH ., at the antiferromagnetic-paramagnetic
transition changes rapidly. We then estimate the

20 =

PARAMAGNETIC PHASE
ANTIFERROMAGNETIC PHASE

1. ‘\\ .
- e \3:\\‘ 1]
5 \\

OL | | 1 |
5 10 15 20 25 30

TEMPERATURE (K)

FIG. 3. Phase diagrams of FeCl,. A crystallographic
phase change occurs at approximately 2 kbar. Full
lines Dy and Djyj, which are associated to the low-
(FeCly) 1 and high-pressure (FeCly) 1 phases, separate
regions where the antiferromagnetic-paramagnetic
transition is of first order (at low temperature) and
second order (at high temperature).
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accuracy of the tricritical temperature to be
+0.1 K and the accuracy of the critical field to be
+ 0.1 kOe, :

Using this procedure, the curves of internal
transition field versus temperature are obtained
at different pressures. The measurements es-
tablished tricritical lines in the H,T, P space for

TABLE I. Threshold field H,, Néel temperature 7'y, tricritical temperature Ty, tricritical field Hj,, and their
pressure derivatives for FeBr, and the low-pressure phases (I and I} of FeCl,.

107 dH,
o 2 2 2
H, dP 10%dTy 10%dT 10% dify,
(T=4.2K) Tyn#H=0, P=0) Ty dP T3, (P=0) T3, dP  Hy(P=0) Hy, dP
H(T'=4.2K, P=0) (kbar™} (K) (kbar™} (K) (kbar™}) kOe)  (kbar™!)
FeBr, 28.8 5.9 14.1 5.8 4.6 4.0 28.5 5.8
(FeCly)y 10.45 7.0 22.9 1.1 20.3 -2.5 7.55 14.3
(FeCly 11 11.682 7.3 24.752 2.75 21.15% 2.1 8.72 8.8

3Extrapolated to P=0.
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FeBr,, (FeCl,);, and (FeCl,);;. The magnetic
phase diagram of FeBr,, which is shown in Fig.
2, exhibits changes in the slopes of the transition
lines at the tricritical point, as reported at 1 atm
by Fert et al.? For the two structural phases of
FeCl,, Fig. 3, a small change in slopes has been
observed, but it might be associated with inho-
mogeneities of the internal magnetic field.

FeCl, provides a system in which the tricriti-
cal point can be studied in two different environ-
ments without change in composition: In the low-
pressure phase (FeCl,); the tricritical tempera-
ture decreases with applied pressure, but in the
high-pressure phase (FeCl,) it increases as it
does in FeBr,.

The zero-pressure values for threshold field,
Néel temperature, tricritical temperature, and
field and their pressure derivatives are given in
Table I. The 1-atm values are in satisfactory
agreement with those given by previous experi-
ments.? ,

The variations of exchange and anisotropy can
be deduced from these and other measurements
such as antiferromagnetic resonance® or perpen-
dicular susceptibility” under pressure. By relat-
ing these variations to the tricritical lines the
validity of theories of phase transitions can be
tested. Elastic and inelastic neutron scattering
studies in (FeCl,);; and compressibility measure-
ments are now in progress in order to use vol-
ume rather than pressure basis. A complete dis-
cussion of these results will be reported later.

We are grateful to Dr. R. J. Birgeneau, Dr. P.

Carrara, Dr. A. Fert, Dr. D. B. McWhan, and
Dr. W. D. Yelon for fruitful discussions.
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Recent neutron-diffraction experiments by Mook, Lynn, and Nicklow, as well as pre-
vious photoemission experiments by Pierce and Spicer, provide evidence that the Stoner
band splitting in nickel might not go to zero at T, as it does in conventional band theory
of magnetism, It will be shown that the persistence of such splitting in the paramagnetic
regime can be explained quite naturally within the framework of the random-phase—ap-

proximation theory of spin fluctuations,

Recently Mook, Lynn, and Nicklow observed using inelastic neutron diffraction' the rapid reduction
of the spin-wave scattering intensity on entering the stoner continuum in nickel as a function of tem-
perature. They found that the lower edge of the Stoner continuum did not appear to come down as they
raised the temperature through the Curie temperature, as Stoner-Hartree-Fock theory would predict.
This result lends support to the photoemission results of Pierce and Spicer,? which also imply that no
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