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cal interest as a reducing mechanism for the
boundary resistance as well as of fundamental in-
terest for surface phenomena. In the references
concerning the boundary resistance between liq-
uid 'He and CMN, ""'or between liquid 'He and
a metal containing magnetic impurity, "one sees
the linearly temperature-dependent R~ effective
in the very low-temperature region. However,
the reduction in B~ through the contribution of

R~ is still not large for practical use. It is
worthwhile to emphasize here from the view
point of the present investigation that the magnet-
ic coupling is strongly enhanced under the condi-
tion of the synchronism between the motion of
'He spins and of electron spins. As a natural
consequence, it is suggested that by seeking the
condition of synchronism in the critical-temper-
ature region of CMN, a more effective reduction
in R~ is probably obtained in the 'He-CMN sys-
tem. In the system, liquid 'He may be cooled ef-
fectively during the demagnetization of CMN, for
example, as the lowering field and CMN temper-
ature are stopped at the point fulfilling the condi-
tion of the strong coupling. For 'He cooling with
metal, as a nuclear refrigerant, containing mag-
netic impurity, the same method might be expect-
ed too.

The author wishes to thank Professor Y. Nishi-
na and Professor A. Ohtsubo for valuable discus-
sions and encouragement and Takashi Sato for
his assistance during the experiments.
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An order parameter theory is derived and used to explain the observed structural
phase transformations in tetrathiafulvalene tetracyanoquinodimethane. It is shown that
there should be three transitions. One set of chains orders at 54 K, the other at 47 K.
The modulation wave vector in the a* direction is equal to a*/2 between 54 and 47 K, in-
creases as a*/2+&(47-TI' between 47 and 88 K, and locks to a value of a+/4 below
38 K as a consequence of Umklapp terms in the free energy.

X-ray' and neutron' scattering studies of tetra-
thiafulvalene tetracyanoquinodimethane (TTF-
TCNQ) have revealed structural phase transfor-
mations with a number of unusual features. In
these experiments, it appeared that there were

two transitions, one at 38 K, the other at 54 K.
At low temperatures, there was a 4a&3,4b&c
modulation relative to the undistorted lattice and,
as the temperature was raised above 38 K, the
modulation period in the a direction began to de-

978



VOLUME 36, NUMBER 16 PHYSICAL REVIEW LETTERS 19 APRj:L 1976

crease, abruptly at first, then more gradually
until it reached 2a near 51 K. The purpose of
this Letter is to propose an explanation of these
observations. It proves possible to account for
the detailed temperature dependence of the mod-
ulation period in the a direction and to show that
there are in fact three transitions. This is con-
firmed by a reanalysis of the neutron scattering
data' shown later in Fig. 1. The additional tran-
sition is of second order and takes place at 47 K.
Between 47 and 54 K, the modulation in the a di-
rection is constant and equal to 2a. TTF- TCNQ
consists of chains of TTF molecules and chains
of TCNQ molecules arranged in sheets. It is
shown that between 54 and 47 K only one set of
chains is ordered although, at this point, the ex-
periments do not tell if they are TTF or TCNQ.
Below 47 K, the coupling between the distortions
in the TTF and the TCNQ causes the second set
of chains to order and, simultaneously, the mod-
ulation period to increase. Finally the transition
at 38 K and the locking to a period of 4a is shown
to be associated with phase locking to the lattice
produced by Umklapp terms in the free energy.

The argument will be phrased in terms of a

Peierls distortion of the lattice, since this is di-
rectly observed in the structural experiments.
However, all of the equations could be reinter-
preted as a charge-density-wave state in the
electron gas, which goes along with the lattice
distortion. The physical basis of the discussion
is that, if the TTF and TCNQ chains have scale
temperatures which are large compared to the
transition temperature, their coherence lengths
are long enough to suppress fluctuations, except
in a narrow region close to the transition, and
the static lattice distortions may be regarded as
order parameters in terms of which the free en-
ergy may be expanded. This is similar to the
justification of the Ginzburg-Landau theory of a
strongly coupled superconductor. It is important
to realize that there is no need to assume the va-
lidity of mean-field theory applied to the system
as a whole or to the coupling between the chains, 4~

and the analysis will make use of general symme-
try properties and a few phenomenological pa-
rameters, rather than a detailed theory of the dy-
namics of the chains.

Order parameters y„and y„ for the two types
of molecules are defined as

y;, =N Q((r;) exp{-i [(za*+q)x, +q~y] j +N 'Pg(r, ') exp]-i[(2a*+q)x,.'+q~y,.']),
F« f«g

where r, and r, ' are positions of molecules on the two sublattices of type i, respectively, so that xy xy'
=2wn/a* and@„x,'=2m(n+ —,')/a*. Also g(r~) is the component of the distortion in the b direction at r;,
and q—= (q„q„0)=-(—,'a*+q, q~, 0) is the ordering wave vector. The plus sign should be used in the case that
the distortion modes are acoustic and the minus sign should be used in the case of optic modes. Cou-
lomb forces between charge-density waves on one type of chain tend to favor optic modes and q, = —,',
whereas the Coulomb forces between the different chains prefer q, =0. It will be seen that the two or-
der parameters do not vary in the same way, and at this point, the experiments do not tell us which
refers to TTF and which to TCNQ so this will not be specified. The differences between the energy
per molecule of the ordered and disordered phases will be denoted by E(y„,rp„,q) which has to be min-
imized with respect to y„, y„, and q. This free-energy functional of the complex order parameters
must be real and invariant under translations, inversion, and the twofold screw-axis transformation,
which are the symmetry elements of the high-temperature phase. '

Since the susceptibilities of the individual chains diverge as T -0 each set is expected to order. But,
at the highest transition temperature T, = 54 K, it is found experimentally" that q = 0, and it will be
seen that this implies that there is no coupling between distortions in the two types of chain. Hence,
barring a coincidence, only one set will order at T,. Suppose that it is type 1. Then to examine the
question of when a transition is driven in the type-2 chains, E(y„,y„,q) will be expanded in powers of
y„, keeping y„exactly since it may not remain small over the whole region of interest. Under inver-
sion, y;-, --y« -, =-p«;*, so there should be an even number of order parameter factors in each term
of the expansion. To second order in y„, we have

E(9„,y...q) =f(ly„l', q)+A'(lv„l', q)(y„v„*+a„y..*) +&(Iq,.l', q) lv,.l'.
When the twofold screw-axis transformation (x,y, z) -(-x,—,'+y, —,'-z) is applied to the order parameters,
y&, -+ p&-, exp[-i~q&/'b*] and y2 -+ y, , exp[ iraq, /b*], s-o that Iy;,I'- Iy;-,I' and y„y„*——y, ,y, , *.
Therefore, f and B are even in q and A' is odd in q. Real order parameters P, , and phases e, are de-
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fined by p;, =g;, exp(iB, ). Minimizing with respect to B,-B, and expanding in powers of q to study the
neighborhood of q =0, we find

E'(j „,y„,q) =f{y„',0) +(aqua„+by„'+cq') + ~ ~ ~,

where a, b, and c are functions of y„and T but
not of q, and a vanishes when $„=0. This equa-
tion is the starting point of the analysis of the
transition. First, E has to be minimized with
respect to g„ to obtain

the variation of q is given by

(2)

(7)

(3)

Here, g„(T) is the solution of &f($„,0)/@„=0
and the usual Landau argument shows that, just
below the transition temperature T„g„'in-
creases as T, -T. If Eq. (3) is substituted into
Eq. (2), g„ is replaced by g„and, otherwise,
only terms of higher than second order are mod-
ified.

Near T„ the coefficients b and c are positive,
otherwise the type-2 chains would already have
ordered, contrary to assumption, or q=0 would
not be a minimum contrary to experiment. The
crucial feature of Eq. (2) is that the term linear
in g„vanishes at q =0. If q remained zero,
type-2 chains would order independently when b

became zero, as it would, because the diver-
gences of the susceptibilities of the individual
chains cause b to decrease quite rapidly as the
temperature is lowered. But it also may be en-
ergetically favorable for q to depart from zero
and drive a transition in g„before b=0. To see
that this does, in fact, happen, we minimize E
with respect to q to find

To see if this result is consistent with the exper-
iments, the data of Fig, 1 in Ref, 2 are replotted
here in Fig. 1, where q, is the measured wave
vector in units of a*, q=(q, -~)a*. It can be seen
that, within the experimental error, the data are
consistent with Eqs. (7) and (8) and T, is found to
be 47+0.5 K. Since q' is approximately linear in
T down to about 38 K, it appears that g„satu-
rates fairly rapidly as T is reduced below Ty.

In summary, the picture which emerges is that,
between 54 and 47 K, only one type of chain has
ordered and q is constant and equal to zero (q,
= —,'). At 47 K, it becomes energetically favorable
to adjust q and drive a transition in the second
type of chain. It is desirable to search for other
evidence of the 47-K transition. It may be possi-
ble to see directly the separate ordering of the
chains in x-ray or neutron scattering experi-
ments. There is an effect on the type-1 chains
and Eqs. (3), (7), and (8) show that the amplitude
P„has a discontinuous slope at T, .

It remains to understand the transition at 38 K
and the reason that q, locks to a value of a*/4 at

q = -(a/2c) y„+0(y„'), (4)

and, when this is substituted into Eq. (2), Ebe-
comes
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E =f(q„',0) +(5 a'/4c) P„-'+Dy„4 (5) 0.04—

to fourth order in P„. Equation (4) shows how
the moving wave vector is associated with the de-
velopment of order in the type-2 chains. When
D&0, there is a second-order transition at the
temperature T, for which 5-a'/4c vanishes.
This is higher than the temperature at which b

=0, because c &0, Thus, the coupling helps to
drive the transition of g2, . Minimizing E in Eq.
(5) with respect to g„gives
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$„2= -(b -a2/4c) /2D = u(T, -T), T & Tm,

after expanding about T,. From Eqs. (4) and (7),

FIG. 1. Temperature dependence of the wave vector
q in the a direction. The arrows indicate the three
structural phase transitions.
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low temperatures. All of the terms in Eq. (1)
stem from exponential factors which have their
total wave vector equal to zero. But the transla-
tional symmetry of the lattice also allows them
to sum to integral multiples of the lattice vector.
Then, when q =a*/4, there are additional contri-
butions of the form

/4' g. ../4 cos48+ U$2. 'i4 (g)

Here, g. ..g, is an order parameter with wave
vector (a*/4, -3q„0) and phase 8, and 48 -=38, + P.
(To simplify the discussion, g. ..«and $...«have
been omitted since they should give smaller con-
tributions. ) There are similar terms in pth or-
der of perturbation theory with wave vectors
having components a*/p in the a* direction and
phase factor cosp8. For V & 0, 8 = 0 gives the low-
est energy and, on minimization, g, ,&, = V(. ..14'/
2U and 8E = —V'g. ..«'/4U. Now suppose Q is the

1

a* component of g measured relative to a*/4 and

the rest of the free energy I' is expanded to give
a constant plus u(Q-Q, )', where (a*/4-Q, )' is
given by Eq. (8). Then, in the simplest theory in
which only one a* component of the wave vector
is included, as Qo decreases, Q will jump from
Qo to zero when uQO'= V'P. ..g, '/4U, and will stay
there until -Q, exceeds this value. This is the
transition at T, in TTF-TCNQ and the locking of

q, to a*/4. No departure from q, =a*/4 has
been observed below 38 K in TTF-TCNQ, possi-
bly because Q, does not continue to decrease as
shown in Eq. (8) but saturates when g„saturates.

This simple form of the theory is incomplete
because when Q g0, it is possible' to obtain a
contribution from 6E by allowing a more general
lattice distortion in which 8 depends upon x (the
distance along the a direction) and it is necessary
to see if this will give a lower energy than at Q
=0 and modify the transition. With Q replaced by
d8/dx, the total free energy for length L may be
written

F'= u fdx(Y[1-cosp8] +(d8/dx)'-2Q, d8/dx) +uLQ, '+ 5E(8 = 0), (10)

where uY -=g, ,~g4' g, ,eg~. Minimizing E', we find that 8(x) satisfies the time-independent sine-Gordon
equation, or pendulum equation. Its solutions consist of regions of constant phase separated by "soli-
tons" in which 8 increases by 2m/p over a short distance. For a constant Q, the change in phase in a.
distance L is QL and this could alternatively be achieved by having N solitons where 2'/p =QL. The
solitons should be equally spaced at a distance L/N=2m/pQ to minimize the repulsive interaction be-
tween them. With this form of 8(x), E' becomes

E' 8 re 2g Y '
2 5F(8 =0)

nL m 2
= —

I Ql
— 1+4 exp — — —2Q,Q+ Q,'+

for (2~/Q)(Y/2)+»1. The first part of the equa-
ttion consists of the energy of a single soliton'

plus the large-distance interaction of a pair of
solitons, ' multiplied by their number. For large
Q, if the interaction of a pair of close solitons'
is used, the free energy becomes (8/~) IQi (Yl2)~'
+(Q -Q,)'+5F(8 =0)/uL. It is interesting to note
that E' is formally independent of p. When Q, = 1,
Eq. (11) agrees exactly with the result obtained

by McMillan' from a numerical minimization of
Eq. (10) with p=3. From Eq. (11), it is clear
that Q =0 is stable when (4/w)(Y/2) + & tQ, 1 and it
is easily verified that this is satisfied at the
transition indicated by the simple theory, It can
also be shown that there is only one such transi-
tion in I, so the simpler theory is unmodified.

If Q, did not saturate, a locking to other com-
mensurate values (p g 4) would be expected at low-
er temperatures. These locking regions would

be quite narrow if harmonics of q~ were energet-
ically unfavorable as, indeed, would be the case

for the p = 4 transition if 3q, were further away
from b*-b*/4.

We have benefitted from illuminating discus-
sions with R. Comds, R. A. Cowley, S. Krinsky,
S. M. Shapiro, and G. Shirane.
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We measured the temperature dependence of the current and spin polarization, and de-
termined the work functions from Fowler-Nordheim plots. The current increases expo-
nentially with decreasing temperature. Work-function data can be related directly to the
height of the internal W-EuS barrier. This barrier is lowered by magnetic splitting of
the EuS conduction band for one electron-spin state which should lead to a spin polariza-
tion of unity. The measured spin polarization, however, is equal to the polarization of
the 4f ' electrons of europium.

At low temperatures europium sulfide is a fer-
romagnetic insulator. ' Esaki, Stiles, and von
Molnar' studied the internal field emission (Fow-
ler-Nordheim tunneling) on metal-EuS-metal
junctions at temperatures above and below the
EuS Curie point, which is at 16.5 K for pure, an-
nealed thin films. They discovered a decrease
in the Schottky potential-barrier height due to
magnetic ordering. In external field emission
from metal-EuS-vacuum emitters additional in-
formation can be obtained by measuring the elec-
tron-spin polarization. The first field-emission
studies and polarization measurements on EuS-
coated tungsten tips were performed by Muller
et al. ' They found three different types of emis-
sion, two of which (types I and II) yielded high
polarization; for type I (P „—0.5) conducti. on-
band tunneling was assumed but no temperature
dependence of the current was reported. In this
Letter we report polarization and work function
measurements on W-EuS emitters which exhibit
the pronounced temperature dependence of the
current as observed by Esaki, Stiles, and von
Molnar for internal field emission.

The layout of our apparatus is shown in Fig. 1.
Oriented tungsten tips' with (111)or (110) direc-
tions parallel to the axis and radii of typically 50
to 100 nm were coated at room temperature with
EuS by in situ vacuum deposition. The EuS was
evaporated from a tungsten oven which could be
moved in front of the tip; the rate of deposition
was 70 nmrmin and evaporation times ranged

ELECTROMAGNET DEFLE CT ION PLAT E S

TIP

COLD FINGER

Wl E N

FILTERr P ROBE
— ACC E LE RATOR

FLUORESCENT MOTT DETECTOR
SCREEN 100 RV

I
EuS OVEN

I IG. 1. Schematic diagram of the apparatus (not to
scale) .

from 0.5 to 2 min. The tip is cooled by a helium-
flow system such as that described by Reed and
Graham, ' which in our case allows temperature
variation in the range from 9 to 300 K. The tip
can be heated by drawing a current through the
filament to which the tip is spot welded. Above
600'C the thermal glow was observed through a
telescope; at temperatures below 600'C the an-
nealing process was controlled by monitoring
the temperature-dependent heating current.

During field-emission studies a pressure of
about 10 "Torr was maintained at the tip. The
tip was at a potential of —2 kV with respect to
the grounded fluorescent screen, and the varia-
ble potential of the cylindrical anode determined
the emission current. A longitudinal magnetic
field variable from 0 to 0.5 T was used for imag-
ing the emitting tip surfaces onto the screen.
The emission pattern can be moved by electro-
static deflection and for electron-polarization
analysis one point of the pattern was selected by
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