PHYSICAL REVIEW B VOLUME 56, NUMBER 6 1 AUGUST 1997-lI

Noncollinear alignment of the surface and bulk magnetic moment in localized ferromagnets
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A model for noncollinear alignment between the surface-atomic-layer magnetic moment and bulk magnetic
moment is proposed. It takes place due to the competition between ferromagnetic and antiferromagnetic
exchange interactions of atomic layer with the nearest atomic layer and next-nearest atomic layer in the surface
region. The criterion of the stability of surface state with collinear surface to bulk alignment is derived. On the
basis of this criterion the phase diagram of surface magnetic states corresponding to a range of surface to bulk
alignments at zero temperature is presented. We show that within this model the noncollinear surface to bulk
alignment leads to a spiral magnetic structure in the surface region of a bulk ferromagnet. In the framework of
this model a temperature-induced surface spin-reorientation transition takes place due to the change in the
balance between exchange energies in the surface region with temperature. A self-consistent solution of the
magnetization profile determination problem for any number of subsurface layers considered to be perturbed
by the surface is used. In contrast to previous theoretical results we show that the increase in effective magnetic
moment of a surface with temperature observed in experiments wi@081), Th(0001), and FeN surfaces
does not necessarily imply antiparallel alignment of surface and bulk magnetic moment at zero temperature.
We demonstrate that this phenomenon is consistent with parallel surface to bulk alignment at low temperature
as demonstrated in recent experiments on th@@l) surface[S0163-18207)01930-9

INTRODUCTION transition-metal alloys with itinerant electrons and rare earths
with highly localized 4 electrons, shows that this problem is
Interest in noncollinear surface to bulk alignment in fer-rather general and interesting in itself.

romagnets originates from the necessity for a physical treat- Theoretical approaches to the description of increase in
ment of the results of experiments that demonstrate both theffective magnetic moment of the @901 surfacé with
enhancement of the surface Curie temperature with respect temperature previously have been made in the framework of
the bulk Curie temperature and anomalous surface magnetthe following approximations(1) Ising model,(2) the pres-
behavior neaffc,. These phenomena are usually referred toence of nonzero external magnetic fie(d) a small number
as surface-enhanced magnetic ord8EMO) and surface of layers(usually 3 or 4 considered to be perturbed by the
magnetic reconstructio6MR), respectively, and have been surface, and4) the assumption of antiparallel alignment of
observed in experiments on @®02) (Ref. 1) and THO00D) the surface and bulk magnetic moment in the bulk ferromag-
(Ref. 2 surfaces, as well as, the Fallill), (Ref. 3 surface  netic (FM) material at zero temperature. It is very important
enriched by iron atoms. The authors of these experimentdb note that all four of these assumptions should not be made.
works made the proposition that the existence of a compenFhe last assumption is clearly not valid in the light of recent
sation point and increase in signal near the bulk Curieexperiments mentioned above. It is also well known that the
temperature T¢yp,) is due to antiparallel of the topmost layer bulk Gd magnetic moment lies in the basal planeT at0.
with respect to the bulk momem,. Thus, the hypothesis The increase in temperature leads to a spin reorientation of
of an antiparallel orientation ofn; with respect tom, at the bulk Gd moment to the axis above 230 K, well below
T=0 was formulated and subsequet initio calculations the bulk Curie pointT¢,=293.5 K. The relatively small
examined the structural, electronic, and magnetic propertiethickness of metal films used in experiments000 A) to-
of Gd(000]) taking into account the total system energy, gether with the long-ranged magneto-dipole interaction force
indicating that the topmost Gd layer moment might be  the vector moments to lie mainly in the surface plane. There-
antiparallel with respect to the bulk magnetic monfent. fore, anXY model for the description of magnetic properties
These results are in direct contradiction with recent experiof thin Gd films is more reasonable than the Ising model. In
ments on the G@001) surface that conclusively demon- addition, it is essential that the original experimental mea-
strated parallel alignment of the surface and bulk magnetisurements were performed in remanence, i.e., without the
moment at low temperaturéshowever, the description of presence of an applied external magnetic fielhis means
the anomalous increase in signal was performed in théhat an external magnetic field should not be considered as
framework of spin models in the assumption of antiparallelthe physical reason for the surface magnetic moment behav-
surface to bulk alignment &t= 0. For this reason this prob- ior. Finally, the results of self-consistent calculations pre-
lem is still unsolved. The observation of both SEMO andsented below show that for a particular set of parameters the
SMR phenomenon in markedly different systems, i.e.temperature-induced spin-reorientation transition at the sur-
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face requires one to account for up to ten or more atomic Magnetic Bulk Phase Diagram
layers to be perturbed by the surface. bulk

The deviation of the topmost atomic-layer momeny by AJnn
orientation with respect to the direction of bulk moment
m,, of a ferromagnetic material is usually explained based on
the difference between the surface and bulk anisotropy con- .
stants, taking into account the demagnetizing fatt®he Ferromagnetic bulk
mechanism of noncollinear ordering in the interface region Spiral bulk y>-1/4
due to roughness is also well knowin the present paper a y<-1/4
mechanism of noncollinear surface to bulk alignment for a bulk
FM material is proposed based onN model that includes > Jnnn
the competition between the energies of exchange interactior
of the topmost layer magnetic moment with the nearest- and
next-nearest atomic layer moments. The first goal of the
present article is the evaluation of the criterion of the stabil- §/ Antiferromagnetic
ity of collinear surface to bulk alignment, independent of N bulk
relative orientation, i.e., parallel or antiparallel. The second b
goal is the presentation of the phase diagram of various sur- ,35
face to bulk alignments. We also present a self-consistent
model of the magnetization profile vs exchange interactions,
and we investigate the evolution of surface magnetic states FIG. 1. The phase diagram of bulk magnetic states within an
related to various kinds of surface to bulk alignment with XY model for zero temperature in coordinaldg n, =L, Jnn+1
temperature. This demonstrates that the competition of ex=J) with n is the layer indexn>1. The bulk FM state is stable for
change interactions in the surface region gives rise to reoridnn+1=J>0 and —1/4<y=J, n.2/Jn 1 =L/J.

entation of atomic layer moments with temperature. The h bation d ; L h
demonstration of temperature-induced spin-reorientation . 1 1€ Perturbation due to a surface can give rise to a change

phase transitions in the surface region for two particular set@f exchange interactions tha_t extends many atomic layers
of model parameters is the third goal. We show that withind€€P- For the present model, i.e., a magnetic slab layers,

this model the increase in the effective moment of a surfacd! Principle all of the inter- and intralayer exchange interac-

with temperature may be described in the assumption of pafions forn=1,2,3,... ,N should be accounted for. However,

allel surface to bulk alignment &t=0, thus the experimental & system with this many adjustable parameters is not justified

data on SMR available do not necessarily indicate nonparaf®" the description of the current experimental results. For
lel alignment of surface momemn, with respect tom, at this reason we consider the intralayer exchange interaction of

T=0 a surface atom with its neighbors in the topmost atomic layer
' J41, as the only one that differs from the similar exchange
interactions in the rest atomic layeds, n=2,3,4,...,N.
FORMULATION OF THE MODEL Then we may denotead=J,; and 8J=J,, for n
. . =2,3,4, ... . Similarly, we write the interlayer exchange
Here we shall consider all the atomic layer vector mo-. L . : 4
L o interaction in the bulk for an atomic moment with atoms in
mentsm; to lie in the XY plane which is parallel to the the next-nearest atomic layet=J We consider the
surface plane of a film. The model we use for this work is an YOU=nn+2-

XY model with quasiclassical vector moments. This is appli-Case of all thel, ., equal tol. = yJ for every atomic layer

cable to these films because the Gd atom lies halfwathergf_?]z?ur:bt:relawgroilﬁtecrg;tizlr'] ;énjgy’ ;\;]ed Jd:egote tr}lgrf'rSt
through the rare-earth series with electronic configuration of 5 4g Y e —Ynn+l
[Xe]4f'5d'6s%. In accordance with Hund’s rule the half- et

. . . It is important to first investigate the bulk phase diagram
filled f shell has the lowest energy for the maximum spin, .. .

) ; to find the range of parameters where the ferromagnetic bulk
moment 7ug. Bulk atoms in Gd metal conserve this large

) . L L state is stable. For this purpose one should consider the spiral
moment due tdi) the large intra-atomic interaction in the f the bulk wh h
4f shell, (ii) the absence of hybridization with conduction state (SP) of the bulk where the moment rotates to some
’ : ) anglee as one goes from one atomic layer to the next. In this
electrons, and(iii) the screening off electrons by filled

e & : . case the atomic-layer magnetic mom&gtcan be written as
s e B oo o~ SLCaaien) wheren s e lomic ayer ndes. T
tonian are satisfied. In addition, the wave functions 6f 4 formula for the_energy of a crystal with Sl.JCh a SP magnetic
shells are highlv | ' lized. and . . . .(ftructure described above has the following form:

ghly localized, and the interaction between rigi
f moments takes place due to Ruderman-Kittel-Kasuya-
Yosida mechanism. This leads to an oscillatory dependenceE=— >, J(SiSt, 1+ SISl 1) — X L(SESS. .+ SIS, )
of exchange integrals on distance both in the Bléind near . A
the surfacé?! For this reason our consideration of phenom-
enological exchange integrals of different signs both in the =52, (J cosp+L cos2p).
bulk and in the surface region is natural. The validity of such "
a model was supported in recent calculations of spin configufhe minimization of this energy with respect to the angle
rations of Gds clusters'? gives rise to solutiong=0, =1, and ¢=arcco$—J/4L).

u

auvey—
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These three solutions are the ferromagnéfill), antiferro-  corresponding collinear alignment and the perturbation on

magnetic(AF), and spiral(SP cases, respectively, and the the energy is evaluated. For the case of small deviatins

energies can be written as the expression for energy, E), may be expanded to sec-
ond order of eveny; :

_2 —1—
Eru s;( J-L), E=E,+JSP6'AS,

£ (+3-L), Eo=—JS[N-3%2(8+y)+(N-4)v]. 3
" The upper sign corresponds to the case of parallel surface to
bulk alignment and the lower sign to the case of antiparallel
alignment. For the sake of compactness we introduce vectors
5:(51,52, P 15N*l) and a=(a1,a2, e ,aN,l). In Eq

(3) A is a squarel—1)*(N—1) three-diagonal symmetric
Matrix with real matrix elements for both parallel and anti-
parallel alignment, thougA; # A, (see Appendixes A and

B). The set of N—1) eigenvectors, of these matrices rep-
resents a full set of orthogonal vectors, i.e., it forms a basis in
(N—1) dimensional space. Therefore, it is possible to ex-
pand vectors in eigenvectors,

JZ
—
8L L

Esp= 522
n

The direct comparison of energi€s),, Eag, andEgp with
respect to each other allows one to construct the phase di
gram for bulk magnetic states in coordinatds,J). This
phase diagram is presented in Fig. 1. Below we restrict ou
consideration to the case of bulk FM state only. For this
purpose we always will require the satisfaction of the follow-
ing conditions:J=J,,,,+1>0 and y=J, ns+2/Jdqns1=L/J

>—1/4.
6=Cia;+Coar+ - +Cy_1aN_1- 4
CRITERION OF NONCOLLINEAR SURFACE Then Eq.(3) may be rewritten in the following form:
TO BULK ALIGNMENT
N—-1
For the ferromagnetic bulk phase discussed above, the E=Eo+JS >, |cil?A;. (5)
=1

influence of the surface can be expected to cause the topmost

atomic-layer moment to deviate from the direction of bulk _. ider th f the bulk f ic ph
magnetization. Here we consider an ideal surface that is un§InCe we consider the case of the bulk ferromagnetic phase
he exchange integral should be considered positiieee

formly magnetized in the plane of each layer. This reduces.. ! - .
the problem to a semi-infinite one-dimension&Y model 9. 1). From Eq.(5) we find that for only positive sz|gn of
with the four adjustable parametesss,y,é defined above. eigenvaluesj,, the energy is minimal when evefg;|*=0.

Here we define the axis to be perpendicular to the plane of USi.”g this condition in.Eq.(4) shows thaté=0, i._e., the

the film, and¢, is the angle between thidh atomic-layer collinear (parallel or antiparallelsurface to bulk alignment

moment’m- antlj bulk magnetization vectan,. In accor- is stable. On the other hand, if even ahgbecomes negative
i .

dance with the notation introduced above the spin-th?r.‘ the conéj|t|olr|1_5=O doefs not C%”ﬁ(Sp?nd to anbenergy
configuration energy has the following form: minimum and coflinéar surface to bu . a'lgnme_nt ecomes
an unstable configuration. Thus, the criterion of instability of

E=—{BIMm,coq ¢;— ¢,) +IMMaCog @y — @3) + -+ any collinear state of the surface is that the minimal eigen-
value of the corresponding matmxshould be less than zero.
+ BIMy - 1MNCOS - 1¢n) + Y[ MiM3COS @1~ @3) This criterion allows one to obtain the condition of insta-

bility for any other collinear magnetic structure in the surface
region. In addition, this criterion remains valid even in the
+ My ,MyCoS oy 2— on) 1} (1)  case of an extended model that allows a greater number of
layers to interact with a given layer.
From this equation we proceed to evaluate the criterion for
instability of the collineakeither parallel or antiparallgbur-
face to bulk moment alignment. Equati¢t) can be rewrit-
ten in terms of the relative angles=¢;— ¢, 1, i.€., the
angles between neighboring atomic-layer vector moments On the basis of the criterion obtained above the conditions
andm;, ;. Thus, we havéN—1 relative anglesy; instead of  of instability of both parallel and antiparallel surface to bulk

+MMyCog @~ pg) + -

NONCOLLINEAR SURFACE TO BULK ALIGNMENT
AT ZERO TEMPERATURE

N absolute angles; alignment may be expressed in terms of model parameters
for the case of a semi-infinite crystaN{-«). The corre-
E=—JSY[B coswy+Coswp+ - + B COsry_; sponding procedures are presented in Appendixes A and B,
Ty COS e+ )+ y COf apt )t respectively. These conditions have the following form:
+ycofay_tan-1)], 2 J 1-V1+4
Nz TN if g= 712>BF()/)ETY and — 1/4< y< +o,

where for the two cases of collinear parallel and antiparallel
surface to bulk alignmentr;=0 and m, respectively, and
a,=az=---=0. Each angley; is then varied away from the then myTTmy; (6.1
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B=J12/Jﬁrﬁ"k nite s_et of equations after the minimization of energy, Eq.
A (2), with respect to every angle;

1 Magnetic Surface Phase Diagram B sinay+ v sin(ay+ ay) =0,

412 Sina,+ Y[ Sin(aq + ay) +sin(ay+ a3) ] =0,
bulk bulk
parallel =J J
1'"e surface to bulk 2 Y nT / nn
14 alignment hal

Sina3+ '}’[S|n( C!z"f‘ a3) + S|n( a3+ a4)] :0,

1
|
|
|

spiral bulk | ferromagnetic bulk /B=BF sina,+ y[si(ay_1+ a,) +sin(a,+ans1)]=0.  (7)
noncollin?rlk In the present paper we obtain the magnetization profile
antiparallel ot by means of iterative process originally developed by
surface to bulk 13 . .
alignment Camley:” It is based on the consequence of mean-field
5 B/ theory that the orientation afth layer moment vectom;
=Pa

coincides with the direction of molecular fieR| created by
///// the neighboring atomic layer vector moments. The iterative
’ process starts from the random initial spin configuration cho-

FIG. 2. The phase diagram of a surface magnetic states withi§€n for the firsNg~10 atomic layers and consists of succes-
the XY model for zero temperature in coordinatgs-J,,/J and  Sive correction of each vector moment along the direction
y=Jnn+2/J. The state with parallel surface to bulk alignment is of field vectorB;. All other atomic layer spinsn=L+1,
unstable for3< Be(y). The state with antiparallel surface to bulk L+2,...) areconsidered to be bulklike and are fixed in one
alignment is unstable fg8> BA(y) and—1/4<y<2.If y>2 then  direction. This iterative process gives a solution stable with
the state with antiparallel surface to bulk alignment is unstable forespect to the initial profile, and the accuracy required. The
any value of. A spiral magnetic structure exists in the surface number of atomic layers in the surface region considered to
region for Bo<B<pBr and —1/4<y<2, and for y>2 it takes  pe perturbed by the surfadés is increased until it does not

place for anyg< g . lead to any change in the results obtained at the previous

step. We find that the final state does not depend upon the
, Ji2 3+V1+4y initial spin configuration, showing the absence of any meta-
if g= 7<3A(7)57W and 0<y<2, stable states in the surface region, as expected for one-

dimensional model.

The results of these calculations confirm the localization
of bordersB(y) and Be(vy) in the analytic phase diagram
presented in Fig. 2. The noncollinear alignment of the top-
most layerm,; with respect tom, is observed and a spiral
magnetic structure in the surface region is realized for

then the state W|th mlleb iS never Stable. IBA(7)<ﬁ<BF(7) The dependences Of ang'@ on the
model parameteB=J,,/J for a given value ofy are pre-

The plots of8A(y) and Be(y) defined in Eqs(6.1) and  sented in Fig. 3. This result is in accordance with the result
(6.2 are presented in Fig. 2 and show regions correspondingf an analytical investigation of magnetization profile by
to parallel and antiparallel surface to bulk alignment, respecmeans of corresponding differential equation on the function

tively. These regions are separated by a finite intervahfor (i) obtained for asymptotic case>1 from the last equa-
#0. This interval corresponds to a noncollinear alignment ofion in Eq. (7);

surface atomic layer moment with respect to the bulk. The
existence of noncollinear surface to bulk alignment for the N1+4y -1
caseBa(y)<B<Be(7y) within the model proposed may be Q=@ = Qi1 EXg — I —— for 2= y<0,
understood as a consequence of the balance between the en- (8.1)
ergy of interaction of a surface momemt; with its nearest
and next-nearest neighbors. For example, on the right-hand , i
side of Fig. 2 we havey=1J,3/J>0, i.e., the interaction ai=<pi—<pi+1~(—l)'exl{—
betweenm; and m; favors parallel alignment betwean; Y
andmy. If B=J,,/J is also positive then it further stabilizes It is easy to see from Eq€8.1) and (8.2) that the profile
this configuration, however, i§,, is negative and of suffi- depth depends only on the ratio of bulk exchange integrals
cient strength it can overcom&;. The transitional state y=J,,.,/J. In particular, it follows from Eq(8.1) that asy
shown in Fig. 2 is only possible within adY model where approaches-1/4, i.e., as the point corresponding to the FM
the spins are allowed to rotate freely in the surface plane, anstate of the bulk in Fig. 1 approaches the border with the SP
the borders of this interval are given by the conditionstate of the bulk, the depth of the SP profile approaches
Bal(v)<B<Be(y). infinity. Thus, we see from both Fig. 3 and formulés1)

In order to calculate the actual magnetization profile forand(8.2) that the noncollinear surface to bulk moment align-
the caseBa(y)<B<Bg(7) it is necessary to solve an infi- ment leads to a SP magnetic structure in the surface region.

then my|Tmy; (6.2

if 2<y<+4e,

for 0<y. (8.2
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& y=-0.125 mbe>,

(mp)= Bs( KeT

TC wherekg is the Boltzmann constanBg(x) is the Brillouin

T | function defined by the formula
2 4 | | ool oo Ul oo 1oL o o 2
L | I s(X)= +§Ct X +§ _ECt XE,
| andHy is a molecular field that affects every atomic spin in

®2 10 BA=0.1090 BE=0.1464 B the buk,

\

Thus, we know both the direction and the magnitude of all
bulk spins for a given value of temperature We then allow
the spin of an atom in the topmost layar= 1) to rotate in
the direction of the molecular field, created by the neigh-
boring spins in the second and the third atomic layers,

W
]
I

=
|
I

>3 Hio=BImy+ yIms.

To obtain the thermally averaged magnitude of spin of an
atom in the topmost atomic layer we solve the the transcen-
dental equation

x>
o
he

w
1
I

whereH; is the actual molecular field in the topmost layer. It
differs from H,; in that the contribution to molecular field
from the neighbors in the topmost atomic layer is accounted
for, i.e.,

=
Yo

AE(arb.

units)

Hl: H10+ aJml.

=

>
B
¥
Yo

The same procedure is done with spins of atoms up to the
Ngth atomic layer. The corresponding molecular fields are
defined by formulas

Esp-E -

SP FM ESP EAF H20=BJm1+Jm3+ ‘me4, H2:H20+ 5\]m2,
FIG. 3. The dependence of atomic layer moments orientation

angles 4, ¢5,¢3) on the interaction between the surface moment

and the second layer momef@t=J,,/J for yv=—0.125(top three

panel3. The dependence of energy differendds on g is shown in

the bottom panelEg,, is the energy of a crystal with parallel sur-

face to bulk alignmentE ¢ is the energy of a crystal with antipar-

allel surface to bulk alignmenEgpis the energy of a crystal with

spiral magnetic structure in the surface region. H,=Hno+ 8Im,,,

Hao= ydm;+JImy+JImy+ yIms, Hz=Hszp+ 8Ims,

Hpo=ydmp_o+JIm,_1+Im,+yImy o,

TEMPERATURE-INDUCED SURFACE
SPIN-REORIENTATION PHASE TRANSITIONS Hi-10= ydMmg _z+Img_o+Img+yImy,

For finite temperatures both the direction and thermally
averaged magnitude of the magnetic moment of the atom in Hi-1=H_-10t8Im 4,
theith layer must be specified. In order to calculate the tem-
perature dependence of the surface magnetization the itera-
tion process operates as follows. We first choose an arbitrary Hio=yImL o +Im 3 +3(1+y)my,
initial spin configuration in the firsNg (Ng~10) atomic
layers with all the spins equal t6=7/2. All other atomic-
layer spins 6=Ng+1, Ngt+2,...) areconsidered to be
bulklike and are fixed in one direction. The thermally aver-The iterative process goes along this chainNaf atomic
aged magnitude of spins in these bulk layers is obtained frorfayers until the accuracy required for a stable state is
the transcendental equation achieved A ¢;~107°, Am;~10"3). This process is repeated

HL:HL,O+ 5\]m|_ .
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Calculated SPLEED asymmetry (+) Calculated SPLEED Asymmetry ()
and total moment (M) A
’Y=-0.2 'Y=+0_5
p=+0.28 B=-0.84
1.0 \ +1.8
}
!
: 1.0
0.45 T
0.35 Lo N0
| i
o =TMcp
=1\ [I i
\r 0965 1 1.063
t=tcs

FIG. 4. The dependence of SPLEED asymmetryand total
moment of a crystaM,, on reduced temperature=T/T,, for FIG. 5. The dependence of SPLEED asymmelrpn tempera-

a:J11/J:2.7, 18:‘]12/‘]:031 y:Jn,n+ZEL/J:_O-21 6:\]n,n/ ture t:T/TCb for a=JlllJ=4, B:lelJ:_OSS, }y:\Jn'n+2

J=1(n=23,4...), andk=0.1 for the case of parallel surface to —-/9=0:5, §=Jnn/d=1 (n=23,4...), and k=0.25 for the
bulk alignment aff =0. case of antiparallel surface to bulk alignmenfTat 0.

for increasing numbers of subsurface atomic layers untiPPLEED is sensitive to the first few atomic layers. Here, we

there is no change in the results obtained relative to the pretNOW the signal going positive above the compensation tem-
vious step. perature,ty=1.0065, because the SPLEED measurements

In order to compare our numerical results to the experi\Veré made in remanence after applying a brief positive mag-
mental spin polarized low energy electron diffraction N€ing pulse at every temperature. An important aspect of
(SPLEED measurements it is necessary to calculate &!9- 4 is that both4d andM, continue to increase monotoni-
weighted average of the surface magnetic region. We simially to their maximum value before going to zero at the
late the SPLEED asymmetryl by using an exponentially Surface Curie temperaturg;s=1.057. This behavior corre-

decaying response function: sponds closely to the actual experimental restétsg occurs
within the present model due to the fact that the magnetiza-
- tion profile tail, mg+m,+ms+--- , decreases with tem-
A=n21 MaCOS @n) XA — k1), (9 perature more rapidly than magnetization of the first two
71 ) i ~ layers,m;+m,.
where k~10"* for typical SPLEED energiesThe experi- For the second casey(8) = (0.5,—0.84), i.e., antiparal-

mental results mentioned above also show that the surfaqgg, alignment ofm, with respect tom, at T=0, we find a

has an enhanced Curie temperatligs, with respect 0 qimjjar series of reorientation transitions with slight differ-

bulk. We simulate this using an increased interlayer €X%nces. For example, between-0.965 andt,=0.975 both

change coupling at the topmost layer. The analysis of the : o ; )

temperature dependence of the surface magnetization ISt and mo sm_ultangously rotate _by 180°. This results_ln a

rather complicated due to the large number of free param§.pln conﬂ_guranon W'th onlyn, antlparallgl tqmb. In_add|-
on, we find thatm, flips att=1, resulting in a spin con-

eters. In the present article, therefore, we consider only twd ; - .
points on the phase diagramy,@)=(—0.2,+0.28) and figuration with onlym, and m, antiparallel to the bulk be-

(+0.5-0.84. These points are chosen to demonstrate hojiWeent=tcy andt=tcs. This is due to the inclusion of an
the SPLEED signal can be expected to behave with temper&xtended number of layerbls>20, in the iterative process.
ture for parallel and antiparalldi=0 surface to bulk align- The plot of A vs't for this case is presented in Fig. 5. The
ment, respectively. increase inA above t=0.965 is due to the fact that
For the first case, ,8)=(—0.2,+0.28), i.e., parallel m;>m, in this temperature range. Abotg=0.975.4 de-
alignment ofm, with respect tan, at T=0, we find that the creases as the magnetization goes to zetg at
parallel surface to bulk moment alignment is stable up to The plots of A(t) shown in Figs. 4 and 5 resemble the
reduced temperature;=T/Tc,=0.450. Above this tem- experimental results from G@001).! This shows that it is
perature, a continuous spin reorientation occurs as the towery difficult to distinguish these cases based on the avail-
most layer rotates in th¥-Y plane to the antiparallel orien- able SPLEED dat&® More recent spin-resolved secondary
tation att,=0.879. Similarly, the second atomic moment and photoemission electron spectroscopy show no sign
undergoes a 180° continuous rotation from parallel to antichange of the polarization abovg,.* In order to under-
parallel betweeri;=0.952 and,=0.973. No other reorien- stand these results within our model it is necessary to inves-
tations occurs for these particular valuesyg8 up totcs. tigate the temperature dependence of the surface for a wide
The corresponding SPLEED asymmetfyand the total mo- range of parameters,,7,6. In addition, we are currently
ment M, of the entire sample are shown in Fig. 4. As ex-considering the contribution due to biquadratic exchange
pectedA goes negative beforld ,; goes to zero because the coupling and surface anisotropy. The results presented here
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are an illustration of a more general concept, i.e., the considalignment in terms of model parameters. For this purpose we
eration of the competing exchange integrals in the surfacénd the minimal eigenvalue of the matrix;; and require it
region of a localized spin system. to satisfy the criterion 4 ,,;<<0) derived in the main text.

In conclusion, a model for the noncollinear surface toThe equation for eigenvalues; of the matrixA;; corre-
bulk alignment in a ferromagnet is proposed. In the frame-sponding to the case of parallel surface to bulk alignment is
work of this model noncollinear alignment takes place due to
the balance of competing exchange interactions in the sui e—k 1/2 0 0 0 0
face atomic layer with the nearest and the next-neares
atomic layer. The criterion of noncollinear surface-bulk 172 & 2 0 0
alignment was derived. On the basis of this criterion the 0 1/2 & 1/2
phase diagram of the surface states corresponding to variol

; . det Ajy=det|| O 0 1/2 0 0
coupling parameters is shown for zero temperature. The e
istence of a temperature-induced surface spin-reorientatic e 12 0
transition is demonstrated for two particular sets of mode 0 0 12 e 1/2

parameters corresponding to parallel and antiparallel surfac
to bulk alignment at zero temperature. The increase in effec
tive magnetic moment of a surface with temperature ob:
served in experiments with @001), Th(0001), and FeNj,

therefore does not necessarily indicate nonparallel alignmelr.. =0. (A1)
of surface moment with respect to bulk at low temperatures

: : : -y . ere e=gg— N\, A=Aly, eg=2y+1)I(2y), k=(y+1
This may be alternatively explained within the assumption otlj 8)/(2). Thus, the parametarrepresents the surface per-

parallel surfa}ce to bulk alignment in correspondence Wltr}urbation caused by the absence of atomic layers above the
recent experimental data. : : .
surface. The analytic results following are obtained for the

case of a semi-infinite crystal with a surface, iN;-0°.
This means that we may neglect the surface perturbation at

We would like to thank D. Weller and H. Hopster for the other surface of a film, i.e., we may set the parameter
useful discussions. The present work was performed witfihe bottom right corner of the matri;; to zero. Then Eq.
support from NATO Grants No. HTECH.LG N940630 and (A1) may be rewritten as
CN. SUPPL N950499 and Grant No. ISF NWHO000. This
work was also based upon research supported by the Na-
tional Science Foundation under Grant No. DMR-9458004. dn-1—kdy-2=0. (A2)

0 0 0 0 12 e—k
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APPENDIX A . . L L
Hered; is a determinant of aifi) matrix similar to Eq.

Here we derive the analytic expression for the instability(A1) but with all the diagonal elements equal 4pi.e., for
condition of a surface state witharallel surface to bulk «=0. For various values of, d; can be evaluated to find

( 1 sinhp(i+1) 1 0
( ) —ZW, e< , &= COSh,D, >0,
q sing(i+1) -1 B =0 A
i—< m, |8| , &=COS¢, ¢ , ( 3)
sinhp(i+1)
—_— > = >0.
| " Zisinhp e>1, e=coshe, ¢>0
|
Since the expression fog contains the eigenvalué (@ If y>0 then the expression for the bottom of the cor-

(e=gp—\, N=A/y) the form of Eq.(A2) depends on the responding band for eigenvaluass equal toy(eq—1), and
interval over which the eigenvalue axis is considered. Thigaking into account the expression feg presented above, it
means that while searching for eigenvalues we should corjs equal to 1/2, i.e.A>0. Therefore, in this case there are no
sider all the possible cases shown in &g). Each separate gjgenvalues which could cross zero and become negative.

case is shown below. _ (b) If —1/4<y<O0 (the left part of this double inequality
D [el<1. In :[‘h's case the reduced eigenvalues eans that the FM state of a bulk is still stable, as shown in
=Aly belong to a “band Fig. 1) then the corresponding bottom of the “band” fdr

eo—1<Aly<eg+1. is when A=vy(gp+1)=(4v+1)/2, i.e., A;>0. The re-
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sults of (@) and(b) show that eigenvalues which belong to a Since ¢>0 this equation has a solution only for the case
“band” can never cross zero, i.e., they are not able to satisfi2x>+ 1. The corresponding eigenvalue which satisfies this

the criterion derived. equation is

We now consider the case of eigenvalues that are split from 1

the “band”. A=~vy[go—cCOS =vy|leg— = | 26+ =— }
(2) e<—1. In this case EqA2) may be written using Eq. eo o)1= 2o 2 2k

(A3) in the form _ y—(B%=B)
_del__ singN _ 2[7_(3_1)]
Tdv,  sing(N—1)  SXe)

(AT)

2k
Thus, we see that the expressions forobtained for both

e<—1 ande>+1 coincide. The solution of trivial inequal-
ity A<O for the cases<—1, i.e., for the case 2<-—-1

Since ¢>0 this equation has a solution for only the casegdives the result

>0, N—o. (A4)

2xk<—1. The corresponding eigenvalue which satisfies this T
equation Is ,3<,3F:$ for —1/4<y<0.  (A8)
A=y[eg+cosie)]=y eq— = | 2+ i” The solution of the same inequalitk <O for the case
2 2k e>+1, i.e., for the case 2> +1 gives absolutely the same
— (- B) result for 0<y<<ec. Thus, we have the same res(8) in
= 7—, (A5)  the entire interval ofye (—1/4,+ =), i.e., the condition of
2[y=(B=1)] instability of the state of a surface with parallel surface to

(3) >+ 1. In this case EqA2) may be written using Eq. bulk alignment.

(A3) as APPENDIX B

Cdyog singN N Here we derive the analytical expression for the instability
“dy_p  sing(N—1) — T exe), condition of a surface state witnmtiparallel surface to bulk
magnetic moment alignment in terms of model parameters.
©>0, N—o, (AB) In this case the equation on eigenvalues is

2k

e—k —-1/2 0 0 0
—-1/2 ¢-1 1/2 O
0 1/2 ¢ 1/2

detA ,=detl| O 0 1/2 0 0 || =0. (B1)
€ 1/2 0
0 0 1/2 -1 -—-1/2
0 0 0 0 —-1/2 e—k

Heree=gg— N\, A=Alvy, gg=(2y+1)/(2y), k=(B+3y Here d; is a determinant of aifi) matrix described in
+1)/(2v). Thus, we see that in contrast to the case of parAppendix A and is determined by formu{A3). The expres-
allel surface to bulk alignment two matrix elements in bothsion fore in Eq. (B1) contains the eigenvalu& that we are

the upper left and the lower down corners of math, searching forle=e¢o—\, A=A/vy). The form of the equa-
differ from the corresponding matrix elements in the centration on eigenvalues depends on the interval on the eigen-
part of the matricompare Eq(B1) with Eg. (A1) in Ap-  value axis considered, similar to the case of the parallel sur-
pendix A]. This is due to the fact that the second atomicface to bulk alignment. Therefore, we repeat the procedure
layer interacts with the antiparallel topmost layer. In otherdescribed there, i.e., consider three possible cases.

words, the surface perturbation extends for two atomic layers (1) |e|<1. In this case the reduced eigenvalugs

on each side of th&l layer film. Below all the analytic re- =A/v belong to a “band”
sults are obtained for the case of a semi-infinite crystal with
a surface, i.e.N—«. Again we neglect the surface pertur- eo—1<Aly<eg+1

bation at the bottom of the film as in Appendix A. Then Eq.

(B1) may be rewritten as and corresponding analyses gives the same result as the band

case in Appendix A. As a result we have the same conclu-
dyoq1—(k+21)dy_ o+ kdy_3—1/4=0. (B2)  sion: all the eigenvalues which belong to a “band” can
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never cross zero, i.e., they are not able to satisfy the criterion (b) In the case of- 1/4< y<<0 Eq.(B6) should be written
for instability of collinear alignment surface-bulk. in the following form:

(2) e<—1. In this case Eq(B2) on eigenvalue\ may 2
be rewritten using Eq(A3) in the form X+1 2y+1

% >— 2y (B7)
sinhpn+2(x+1)sinhp(N=1)+4x sinhp(N—2) Variation of y in interval (— 1/4,0) allows one to satisfy the
+2 sinhp(N—3)=0. (B3)  inequality (B7) with values ofX that are greater than 1. In
this range we find
Since >0 in the limit N approaches infinity we find
2y+1+J4y+1
X34+ 2(k+1)X?+4xkX+2=0, (B4) X>— 2, (B8)

where X=exp(¢). Since ¢>0 we should only search for The right side of this inequality is greater than 1 for
solutionsX>1. Analysis of the evolution of the roots of the —1/4<y<0. Therefore, the investigation of E¢B4) on
latter equation depending on parametershows the root rootsX>1 using inequalityB8) leads to the following con-
Xo>1 is possible in the case af<—5/6 only. Further de- clusion: since inequalityB8) must be satisfied, the param-
crease ink leads to an increase K. eter « in Eq. (B4) should be less than some critical value.

To determine when the eigenvalue corresponding to thiFhis means that we must require the satisfaction of the fol-
root crosses zero, we obtain the condition for the followinglowing inequality:

nequalty: L B3yl Xr2xii2 oo
A=Y\ =Yg+ coshp) = Y[ (2y+ 1)/(2y)+ (X+ X 1)/2] A U (B9)
<0. (B5)  The solution of this inequality with respect ® using Eq.
(B8) gives the following result for interval- 1/4< y<0:
(@) In the case ofy>0 this inequality may be rewritten as
, B> Bae 3+V1+4y (B10)
Xe+1 _27+1. (B6) A=Y 2(y=2)

2X 2y (3) e>+1. In this case a similar investigation leads to the
Since we may have only roo¥>1 this inequality cannot be same resultB10) for 0<y<+2. However, if+2<y then
satisfied, and we have to consider the case of negative valuéise state with antiparallel alignment of surface to bulk mo-
of . ment is never stable.
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