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A modified version of the Kittel model of antiferromagnetism is proposed for the description of the magnetic 
phase transition occuring in a monolayer of molecules chemisorbed on the surface of a nonmagnetic metal. 
This modification consists in the consideration of the dependence of the magnetic moments of the sublattices 
on the particle concentration and temperature. The model satisfactorily accounts for the available 
experimental data. 

PACS numbers: 75.40. - s 

1. INTRODUCTION 

A magnetic phase transition (MPT) was recently de- 
tected with the aid of the thermomagnetic effect in a 
two-dimensional layer of carbon-monoxide molecules 
chemisorbed on the surface of platinum or  gold, a s  
well a s  of hydrogen molecules on the surface of pla- 
tinum.lp2 The MPT was observed a s  an abrupt change 
in the heat flux in a Knudsen gas a t  some value of the 
magnetic field. '9' 

The surface MPT occurs in weak magnetic fields 
h,  - 10% Oe and a t  fairly high temperatures T = 300 K, 
so  that pBhec/T - << 1 ( p ,  i s  the Bohr magneton). 
The value of h,, does not change when the direction of 
the magnetic field relative to the surface is changed. 
The temperature dependence of the field is investi- 
gated in Ref. 2. It is shown that dh,,/dT<O and d2hec/ 
d p  3 0 irrespective of the substrate and the adsorbate. 
The quantity he, increases with increasing molecule 
concentration on the surface. The width of the jump 
Ah does not exceed the e r r o r  in the measurement of the 
intensity 12 of the magnetic field, i. e.  , ~ h / h , ,  < 5x 10". 

It is natural to explain the observed surface MPT 
within the framework of models that admit of a discon- 
tinuous change in the properties a t  some magnetic- 
field value that does not depend on the direction of the 
field. This property is possessed by two well-known 
models of antiferromagnetism (AF): the Kittel modelS 
and the biquadratic exchange model. Let us note that 
allowance for the direct kinetic exchange in a system of 
molecules chemisorbed on a surface reveals the possi- 
bility under certain conditions of antiferromagnetic 
ordering in the chemisorbed layer. 5 * s  

In the present paper we shall not discuss the question 
of the stability of long-range order in the two-dimen- 
sional system, since the weak logarithmic divergence 
due to the fluctuations can be eliminated by taking into 
consideration either the finiteness of the sample. o r  the 
weak interactions of 'the spin-orbit type. The well- 
known proof of the impossibility of long-range order for 
a number of two-dimensional models7 apparently does 
not extend to our case, since the chemisorbed layer is 
located on the surface of a solid. Furthermore, in the 
experiment the MPT was observed a t  h#O, which, in 

principle, can lead to long-range order in the two-di- 
mensional system. 

We shall use the Kittel model to describe the experi- 
mental data. It can be shown that the biquadratic-ex- 
change model yields similar results. In the Kittel 
model the dependence of the sign of the interaction-ex- 
change integral on strain results in a jump in the mag- 
netic moment. The main experimental fact-the abrupt 
change in the properties of the surface in a weak field 
(pBhec<< T)-can be explained if we assume that the sys- 
tem is divided into aggregates that interact weakly with 
each other, but within each of which the interaction 
i s  strong. Then the weak magnetic field k,,  
destroys only the mutual spin orientation of the aggre- 
gates, while the Curie temperature is determined by 
the strong interaction inside them. The weakness of 
the field he, should thus be related with the MPT in the 
macrosystem. Below a s  such aggregates we shall 
take two sublattices with a strong ferromagnetic (FM) 
interaction I, within each sublattice and a weak anti- 
ferromagnetic (AF) interaction I-  between them. 

The divison of a quasi-two-dimensional system of 
molecules chemisorbed on the surface of a solid into 
two sublattices corresponds with the modern ideas 
about the chemisorption of simple gases on metals 
where two bond states fl, and 8 ,  of the adsorbate a r e  
realized. In a gradual deposition of the monolayer 
the bond state 8, is fixed until the degree of coverage 
of the surface 8 - 0 .  5, after which the deposition of the 
surface occurs in the fll state, The particles a re  then 
deposited a t  the interstices of the "network" formed 
on the surface by the molecules in the fl, state. 

To account for the experimental data, we should 
modify the Kittel model. Thus, since the critical field 
depends on temperature and the concentration of 
molecules on the surface, we should take into account 
the dependence of the magnetic moments of the sub- 
lattices on temperature, and consider the case of dif- 
ferent sublattice-occupation numbers. To take the 
indicated dependences into account correctly in the 
model expression for the free energy F, we shall use 
Kittel's form of the Hamiltonian and molecular field 
theory. 
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On the other hand, it is known that molecular field 
theory yields satisfactory results in the case of a large 
number of effectively interacting neighboring atoms. 
This generally explains why molecular field theory is 
not used to analyze two-dimensional systems, in which 
the number of such neighbors is small. But in the 
model under consideration here we shall consider not 
only the interaction with the nearest neighbors, but 
also the interaction with the next nearest neighbors, 
which is of the order of T. 

We shall not discuss the role of the fluctuations in the 
phase transition under consideration. But we shall re-  
late the observed MPT not to the attainment of a state 
of absolute instability, but to an equilibrium first-or- 
der phase transition in which the free energies of the 
various phases a re  equal. In the present paper we 
obtain from a comparison of the free energies of the 
noncollinear (NC) ferrimagnetic (FIM), and FM 
phases an expression for the critical field a s  a function 
of temperature and the concentration of molecules on 
the surface. 

The modified Kittel model in question qualitatively 
accounts for a l l  the available experimental data. Fur- 
thermore, it can be used to describe first-order phase 
transitions in three-dimensional magnetic bodies. 

2. THE MODEL 

Let us, in accordance with the foregoing, divide the 
quasi-two-dimensional system of molecules chemi- 
sorbed on a substrate into two sublattices 1 and 2. 
Let us denote by N the number of vacant si tes in each 
of the sublattices, and by ni the number of particles 
in the i-th sublattice. Let us introduce the concentra- 
tions c, = ni/N, 0 C ci c 1. Below we shall assume that 
the particles in the sublattice 1 a re  in the P, state, 
while those in the sublattice 2 a r e  in the P, state. 

Let us write the Hamiltonian of the system in the 
form 

The f i rs t  term in (1) is the usual Heisenberg part of the 
isotropic spin-spin interaction Hamiltonian, the 
second term describes the interaction of the magnetic 
moments of the system with the magnetic field h, and 
the third term takes account of the dependence of the 
exchange integral on strain. Z(f-g) is the integral for 
the exchange interaction between the magnetic moments 
Sf and S, located a t  the si tes f and g: Z(f-g) =I- i f  the 
si tes f and g a r e  nearest neighbors from different sub- 
lattices; Z(f-g)=Z+, if the si tes f and g a re  nearest 
neighbors in the i-th sublattice; H. and I, a r e  constants, 
with H.>O and > > ) I _ ( -  IZ,I. 

We obtain within the framework of molecular field 
theory the following expression for the free energy 
divided by N: 

where a ik i  is the mean value of the magnetic-moment 
vector of an occupied site in the i-th sublattice, Iki ( =  1, 
S is the value of a ,  a t  T=O, and Bi is the magnitude of 
the molecular field in the i-th sublattice. 

The molecular-field vector a t  the site f is given by the 
expression 

Bt=h+ C ~ ( f - g ) o e k ,  (3) 
e  

where a&, is the mean value of the magnetic-moment 
vector of the occupied site g. Let us denote by mi 
= c,o,4 the mean value of the magnetic-moment vector 
of a site in the i-th sublattice; then in our case of two 
sublattices we can write 

Investigating the system of equations (4), we obtain for 
the FM state the expression 

For  the FIM state we obtain 

If, on the other hand, k, and k, a re  disposed noncolli- 
nearly then for the NC state in the h#O case we have 
the relation 

We have, in accordance with (2), (7), (5), and (b ) ,  three 
free energies corresponding to the NC, FM, and FIM 
states. The NC state is realized only when h#O. 

Our problem is to determine the law of magnetization 
of the system in question and the conditions under which 
the magnetic moment undergoes an abrupt change in 
some field h. In this connection, it i s  necessary to 
determine which of the three enumerated phases i s  
realized a t  a given value of the magnetic field, and 
when one phase is replaced by another. 

In accordance with (2) and (4), the quantities a, and 
a, satisfy the relations 

Below we shall neglect in the expression (8) the quan- 
tities 1- and h in comparison with I,,. Then a, is de- 
termined by the constant and by the temperature T, 
while the relations (8) a r e  the equations determining the 
oi. This approximation is equivalent to the assump- 
tion that the a ,  a r e  independent of the magnitude of the 
magnetic field. 

It can be shown that i f  the concentration ci  does not 
depend on temperature, then a s  T is raised from zero 
to the Curie temperature, Tg' = l/3Z+iciS(S + I), of the 
i-th sublattice, a ,  decreases monotonically from S to 
zero, the law of decrease being 

Allowance for the dependence of the concentration on 
temperature leads to the decrease of the Curie temper- 
ature (dci/dT a 0) in comparison with the case in which 
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dc , /dT  = 0 .  The quantity T;'' is then determined from 
the equation 

Let us expand the spin par t  of the free energy F with 
allowance for (4) into a linear s e r i e s  in I.. and h about 
the point I- = 0 ,  h = 0 .  Using in the process the relation 
( 7 ) ,  we obtain the sought model expression for the f ree  
energy of the NC phase: 

FNcFo ( T )  +h2/21-+I- (m,2+m,2) /2+x ( I - - Ic )2 .  ( 1 1 )  

Here F,(T)  is that part of the free energy which de- 
pends only on temperature. The quantities I-  and h a r e  
connected by a relation that can be determined by using 
the condition for the minimum of the free energy ( 1 1 )  
with respect to the parameter I-: 

It i s  convenient to interpret the formula ( 1 2 )  a s  a means 
of parameterizing the magnetic field h with the parame- 
t e r  I- .  When h = 0 the quantity I- assumes the value 

( I - )  ,=1 , - (m,~+m~' ) /4x .  ( 1 3 )  

The connection between the parameter I .  and the quantity 
k, k, is given by the following relation: 

We can, proceeding in much the same way within the 
framework of the same approximation, obtain the free 
energies of the FM and FIM phases in a field: 

For  definiteness, we assumed in computing (15)  that 
m ,  >m,. 

It can be shown that the following inequalities a r e  ful- 
filled for T<T;, I ,  SO, and h=O: 

'NC"FFIM<*FM . ( 1 7 )  
If I,* 0 ,  then F, ,  SF, , ,  for any value of h .  It follows 
formally from ( 1 7 )  that F,, is the smallest  free energy 
for the indicated values of the parameter I , .  But for  
h=O the NC state corresponds to 

which does not make sense.  Therefore, the FIM state 
with the free energy given by the formula (15)  is real- 
ized when h=O and I,<O. 

For  h+O we eliminate the magnetic field h from the 
relations ( l l ) ,  ( 1 5 ) ,  and ( 1 6 ) ,  using the formula ( 1 2 ) ,  
in which I- has a straightforward meaning only for the 
NC state. Further, we consider the quantities 

The equations A, = 0 and A, = 0 can be solved analyti- 
cally. This allows us to determine the value of the 
parameter  I .  and, consequently, the intensity of the 
magnetic field h with the aid of the formula (12)  when 
F,, =F, , ,  o r  F,, = F,,, i. e., to determine the 
equilibrium-phase-transition point (with respect  to the 
field) a t  which one magnetic phase is replaced by 
another. 

FIG. I. 

3. DISCUSSION OF THE RESULTS 

The results  of the analysis of the roots of the equa- 
tions A, = 0 and A, = 0  and the corresponding magnetic 
field values given by ( 1 2 ) ,  a s  well a s  the conditions un- 
d e r  which the magnetic moment of the system changes 
discontinuously, can be illustrated a s  follows. Let us 
separate out in the plane t = m , / m , ,  X = - 2 x I , / m ~  the 
semiinfinite s t r ip  X 2  0 and 0 a t  s 1, and divide it into 
three regions A, B, and C by the two lines X= t 2  + 3t + 1  
amd X =  1 - t (see Fig. 1 ) .  Let us again divide the re-  
gions B and C by the lines X =  1  and X =  t 2  - 3t + 1  each 
into two parts ,  a s  shown in Fig. 1 .  Thus, the region B 
consists of the parts  B 1  and B 2; the region C ,  of the 
par ts  C1 and C2. The meaning of this division will be- 
come c lear  from the subsequent discussion. 

It turned out that the law of magnetization, the types 
of phase transitions, and the possibility that the mag- 
netic moment M = m, + m, will undergo an abrupt change 
a s  the magnetic field h i s  increased depend on which 

FIG. 2. Character of the dependence of (a) the free energies of 
the F M ,  F IM,  and NC phases and (b) the magnetic moment of 
the system on the magnetic field for the region A .  
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of the regions A, B and C the point ( t , X )  belongs to. 
Therefore, let us consider each region separately, be- 
ing interested in the equilibrium phase transition 
points. 

The region A. AS the field is increased, the initial 
FIM phase is replaced by the NC phase at the point 
h = h,,, (see Fig. 2 ) ,  

through a second-order phase transition. The mag- 
netic moment M =m,  + m, does not change at this point, 
but the susceptibility undergoes a jump. As h is  in- 
creased further, the moment M increases smoothly 
from m, - m, at the point h = h,,, to m, + m, at the 
point h= h,, (see Fig. 2b), where 

The NC phase is replaced by the FM phase, again 
through a second-order phase transition. Further in- 
crease of the field h does not change the magnetic mo- 
ment of the system (Fig. 2b) within the framework of 
the approximation adopted above, as a result of which 
a, does not depend on h. Thus, i f  the point ( t , X )  is 
located in the region A, then both phase transitions are 
of second order, and a jump in the magnetic moment 
of the system is  not realized. 

The region B. As in the region A, the initial (at 
h=O) FIM phase is replaced by the NC phase at the 
point h = h,,, through a second-order phase transition 
(see Fig. 3). As the field h is increased further, the 
moment M varies smoothly from m, - m, at the point 
h = h,, to some critical value M ,  <m, + m, at the point 
h = h,. where 

Here a first-order phase transition occurs, the NC 
phase being replaced by the FM phase. In the process, 
the magnetic moment of the systen changes discon- 
tinuously from the value M ,  to m, + m, (see Fig. 3b). 
The magnetic moment does not change when the field 
h is  further increased. 

FIG. 3. Character of the dependence of (a) the free energies of 
the FM, FIM, and NC phases and Cb) the magnetic moment of 
the system on the magnetic field for the region B. The arrows 
indicate the hysteresis loop for the region B1. 

The region C.  As the field h is  increased, the FIM 
phase gets replaced by the FM phase at the point h =h, 
(see Fig. 4) ,  where 

through a first-order phase transition i s  accompanied 
by a discontinuous change of the magnetic moment of 
the system from m, - m, to m,  + m, at the point h= h,. 

Thus, we arrive at the conclusion that a discon- 
tinuous change in the magnetic moment is realized in 
the system i f  the point ( t , X )  belongs to the region B or 
C. As can be seen from Fig. 3, if the point ( t ,X )  is  
located in the region B,  then the NC state, which, 
fieldwise, lies between the FIM and FM phases, is 
realized in the system when h + 0. I f ,  on the other 
hand, the point ( t ,X )  belongs to the region C, then the 
transition from the F I M  phase into the F M  phase oc- 
curs at one stroke. 

It should be noted that the magnetization curves M(h), 
which vary from region to region, match at the boun- 
daries of the regions. The NC - FM phase transition 
that then should occur at the boundary between the re- 
gions A and B is of third order, while the one that 
should occur at the boundary between the regions B.;lnd 
C is of first order. 

Hysteresis phenomena are characteristic of first- 
order phase transitions. There exists some field 
range in which the NC phase for the regions B and C 1 
(Figs. 3 and 4) ,  or the FIM phase for the region C 
(Fig. 4) ,  is  metastable. No hysteresis phenomena oc- 
cur in the region A. The metastability region for the 
NC or FIM phase is bounded from the right by the ab- 
solute-instability field h=hail. For the regions B and 
C 1 

For the region C2 the field ha,, coincides with h,,. The 
F M  phase is metastable in a lower-field region. This 
region is bounded on the left  by the absolute-instability 
field ha,, = h,,. Notice that in region B2hF, < h,,,, and 

FIG. 4. Character of the dependence of (a) the free energies of 
the FM, FIM, and NC phases and (b) the magnetic moment of 
the system on the magnetic field for the region C. The arrows 
indicate the hysteresis loop for the region C1. 
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the inverse transition corresponding to the attainment 
of the state of absolute instability of the FM phase occurs 
straight into FIM phase. F o r  X  t ,  we have, in ac- 
cordance with (21) ,  h,, 6 0 .  

Kittel's results3 follow from the model ( 2 )  if we s e t  
m ,  = m ,  = S  (this corresponds to the line t = 1  in Fig. 1 ) .  
The FIM (k1& = - 1 )  phase can, in contrast to the Kittel 
model, be also realized when h+O.  

Because of the fact that, during the experimental 
study of the MPT, the successively increasing mag- 
netic-field values were periodically switched on and 
off,lt2 the intensity of the critical field of the inverse 
transition is not known. The observed MPT can be r e -  
lated either to the equilibrium phase transition (a t  
h  = h, or  h,) o r  to the attainment of the state of absolute 
instability of the direct  transition into the FM phase 
(at  h =  hai , ) .  In fact, the location of the transition 
point depends on the process of nucleation of the FM 
phase in the metastability region of the NC o r  FIM 
phase. Therefore, the observed MPT occurs in the 
field region bounded on the left by the cri t ical  field of 
the equilibrium phase transition and on the right by the 
field ha, , .  The slower this nucleation process i s ,  the 
closer i s  the experimental value h,, of the cri t ical  field 
of the transition to the field ha, ,. But since the tem- 
perature range (300-450 K) in which the MPT was ex- 
perimentally investigated is fairly close to T ,  - 500 K, 
the observed MPT i s  apparently due to the attainment 
of the critical field of the equilibrium phase transition. 

Let us recall that the experimental critical field he, 
of the jump increases with increasing concentration, 
and decreases with increasing temperature. It can be 
shown that the critical fields h,(22), h0(23) ,  and h1(24)  
increase when the concentrations c ,  and c ,  a r e  increased 
wherever they have a meaning (h,  in the region B, h, in 
the regions B and C 2 ,  h, in the region C ) .  We a re ,  
however, interested in the case in which, when the con- 
centration i s  increased, only the quantity c ,  increases,  
and c ,=  1. As can be seen from the expression ( 2 3 ) ,  
the field h, does not depend on the concentration c ,  a t  
all. The cri t ical  fields hc(22)  and h1(24)  increase with 
increasing c, .  It can also be verified that the fields h, 
and h,  decrease with increasing temperature. It fol- 
lows from the foregoing that the proposed model qual- 
itatively describes the experimental dependences of the 
critical field he, of the jump on the concentration and 
temperature, and that the point ( t , X )  for the investi- 
gated system belongs to the region B. 

As  noted above, i t  was established in the experi- 
mental investigation of the MPT that 

Let u s  determine the conditions under which the fields 
h, and hl satisfy the relation (25) .  F o r  this purpose, 
let us,  for simplicity, see  m i  = m ( T )  and c i  = 1 .  Let 
T  S T ,  ; then m = y ( T ,  - T)'/' .  It can be verified that the 
relation d2hl /dT2  2 0  is always satisfied in this approxi- 
mation. For  he the relation (25)  is fulfilled in the 
vicinity of T, provided. 

The condition for the existence of the magnetic-mo- 
ment jump is then automatically fulfilled, since i t  has 
in this case  ( t  = 1;  see  Fig. 1 )  the form 

The inequality (26)  can be written in the form 

From (27)  we have the natural limitation on the quan- 
tity 

Then for 6 we shall have the following inequality: 

F o r  S - 1  and T ,  = 500 K the quantity 6 - 10 K .  F o r  
T  > T ,  - 6 the inequality d 2 h d d T 2 < 0  will clearly be 
satisfied, and upon further increase of the tempera- 
ture,  the magnetic-moment jump will disappear and 
the transition into the FM state will be a second-order 
phase transition (the line t = 1  in the region A) when the 
inequality ( 2 7 )  is violated. Allowance for the c ( T )  de- 
pendence will evidently broaden the temperature range 
where the inequality (25)  should be fulfilled. 

Let the concentration c, = 1, and let the equilibrium 
concentration cl = c ( T ) .  Let us also assume that 
I , ,  <I+,(TA1'< ~ 2 ' ) .  Then, a s  the temperature T  is 
raised,  the point ( t , X )  (see Fig. I ) ,  initially located 
in the region B, moves toward to the boundary between 
the B and A regions, o r  toward the boundary between 
the region B and C. In the f i r s t  case the jump in the 
magnetic moment of the system decreases,  vanishing 
a t  the boundary between the regions; the field also de- 
creases ,  but remains finite a t  this boundary (he goes 
over into h,,). In the second case both the jump in the 
magnetic moment of the system and the field h, remain 
finite a t  the boundary between the region B and C, he 
going over into h,. As the temperature is raised fur- 
ther,  the magnetic-moment jump decreases,  and 
vanishes a t  t = 0 ,  but the field h, does not depend on 
temperature on account of the assumption that I , ,  
m ,  * const. The lat ter  may be another reason why the 
relation (25)  is fulfilled. 

A s imi lar  picture obtains when the concentration c, is 
decreased, except only that the cri t ical  field of the 
equilibrium phase transition into the FM states ceases 
to depend on the concentration when the point ( t , X )  
reaches the boundary between the regions B and C,  
since the expression for h, does not contain the quan- 
tity c , .  

It follows from the foregoing that, within the frame- 
work of the proposed model, the jump may vanish with 
h,+O upon further increase of the temperature o r  de- 
crease  of the equilibrium concentration. 

When c ,  is lower than some c,, and c2 = 1, we have 
a two-dimensional ferromagnet. As  follows from the 
model under consideration, the jump in the magnetic 
moment of the system does not occur in this case when 
h  i s  increased. Therefore, an experiment based on 
the thennomagnetic effect, and yielding a positive re-  
sult  only when h#O, cannot identify the FM phase. 
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The thermomagnetic effect is an indirect method of in- 
vestigating surface phase transitions. To get a com- 
plete idea about the phenomena occurring on the sur-  
face, we need to perform direct magnetic measure- 
ments. 

Thus, the proposed model fully describes the quali- 
tative experimental data reported in Ref. 2: 

1) the model admits under certain conditions of an 
abrupt change in the magnetic moment of the system a s  
the field intensity is increased; 

2) because of the isotropy of the model, the intensity 
of the critical field of the jump does not depend on the 
direction of the magnetic field; 

3) the expression for the critical field of the equilibrium 
phase transition does not explicitly contain the largest 
quantities of the problems (I,,, I,,, T), and therefore the 
relation ~ , h ,  <<T can be satisfied with fairly arbitrari ly 
chosen values for the remaining parameters;  

4) the critical field h, increases a s  the particle con- 
centration c, on the surface increases; 

5) the critical field h, decreases with increasing tem- 
perature T; 

6) the expression for the field h, satisfies under cer-  
tain conditions the relation d2h,/dT2 2- 0. 

The proposed model allows us  to predict the behavior 
of the system upon further increase of the temperature 
o r  decrease of the concentration. The width of the jump 
within the framework of the present treatment i s  equal 
to zero. The above-listed results  [i.e., the results  1) 
- 6)] a r e  also valid if the observed MPT i s  related with 
the attainment of a state of absolute instability. 

In conclusion we thank 6. L. Nagaev and his coworkers 
for an interesting discussion of the work a t  a seminar, 
a s  well a s  S.Yu. Davydov for useful comments. 
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