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The fundamental magnetism of the Fe film of 4 ML thick epitaxially grown on Ga@® was
studied usingx situferromagnetic resonan¢EMR) at room temperature. In parallel geometry the

resonance fields were found to be strikingly different aI{)@El] (2170 O¢ and[011] (3360 Oe¢

direction, exhibiting a large uniaxial anisotropy with the easy and hard directions [gddrig and

[011], respectively. For perpendicular geometry the data of FMR show an abnormally low
resonance field of 5050 Oe. It implies a pronounced reduction of effective magnetization. This can
be explained by a combination of the shape anisotropy of the nanoclusters with their large
perpendicular anisotropy. Thgfactor of these nanoclusters is even smaller than the bulk value. The

linewidth is also obviously anisotropic, 220 Oe in easy direclﬁﬁEl] and smaller by 50% in hard
direction,[011]. © 2001 American Institute of Physic§DOI: 10.1063/1.1359458

I. INTRODUCTION the first 3.5 ML, a short-range-ordered superparamagnetic
phase, and a ferromagnetic phase above about 5 ML. Based
, . o on the experimental results of low-energy electron diffrac-

nient methods for studying magnetic thin fifhisecause of tion (LEED). in situ magneto-optical Kerr effedtMOKE),

its high sensitivity and the possibility of providing informa- . S )

tion on various important properties, such as the magnetizae}ndex sﬂualtematmg field grad|ent magnet_ome(é:GFM)
tion, magnetic anisotropyg value, exchange constant, by measurements it was considered that the film of the average
observing the resonance field and spin wave spectra. Thcqov?rage C;L':de of 4 .ML IS ttl:on:pltgggoif?sgg%pgagaﬂ%gnetlc
linewidth of FMR signal is related to the damping constant®USters Wi IMensions abou ; » but the

of spin dynamics and to the inhomogeneity and defects in th@agnet'iﬁt'ontﬁf tge ILIIm IIS 1>6|103ﬂ$mu/ctfﬁ|, only S“gh“{ th
films. In ultrathin films of a few monolayers thick the mor- smatier than the bulk-value. in this article we report the

phology and microstructure are characteristic of the initialrerzunsrtig; ofu; Aflul{/ltkllefirlrstll;d{( Oi?u;:rer fmugdﬁrerj[ien:i r:::rg]]:etlc

stage of film growth, which causes the magnetic propertieg pe 0 exs omagnetic reso e

different from thick films and bulk material. These features

can be obser.ved in FMR measuremepts. Il. EXPERIMENTS

The previous studiésof the epitaxial growth of Fe on

GaAg100) showed that the magnetic properties at room tem-  The epitaxial ultrathin Fe films were grown on

perature developed via three phases: a nonmagnetic phase f88Ag001) substrate in ultrahigh vacuum with a base pres-
sure of 6x 10” °mbar by a multitechnique molecular beam

dAuthor to whom correspondence should be addressed; present addresespltaxy system. The preparation of G&@Gl) Substrate with

Center for Materials Analysis, Nanjing University, Nanjng, P. R. & clean and ordered surface for metal film growth was re-

China 210093; electronic mail: hrzhai@nju.edu.cn ported elsewherg Fe was grown at room temperature at a

Ferromagnetic resonand&MR) is one of the conve-
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FIG. 1. The experimental data of the fidit.s as a function of field orien-
tation anglegy, . QH (degree)

) FIG. 3. The theoretical and experimental data of resonance field as a func-
rate of about 1 ML/min. The surface structure of the sub-ion of 4,,.

strate and the Fe film was determined by means of LEED,
which showed that Fe grew epitaxially with the epitaxial

relationship Fe(00%)100)GaAs(001J100), starting from 5  mally low resonance field of 5050 Oe. In order to determine
ML. However, for 4 ML, no Fe LEED spots appeared, dem-magnetic parameters from the data, let us describe briefly the
onstrating that the coverage of 4 ML did not form a continu-theory of FMR.

ous layer. Theex situferromagnetic resonan¢€MR) mea- The well-known Landau-Lifshitz—Gilbert equation of

surements were performed with Brucker ESR equipment ofhe precession of the magnetization as follows is used for

model ER-200D-SRC at microwave frequency of 9.78 GHzdescribing dynamics of FVE

at room temperature. The maximum sweep field was 14 000

Oe. A small piece of the film of 83 mn? was mounted at dm =— yMXH+ T I Mx—M (1)

the sample holder, inserted in the microwave cavity, which ~ dt yM? dt |

can have orientations at any angle with respect to the steadphe first term refers to the torque produced by the effective

field in the film plane and out of plane. field, which may include the external steady fiéld micro-
wave field h, and various effective fields originated from

. EXPERIMENTAL RESULTS AND THEORETICAL magnetic anisotropies. The second is the Gilbert damping

DISCUSSION term. The termy is the gyromagnetic ratioy=ge/2mc and
The experimental data of FMR field o, and linewidth 9 IS the Lande splltt|ng7factor. For free electronsg

AH as a function of field orientation angles,, and6,,, are = 2-0023, andy=1.76x10'/s Oe. For bulk Fe a reasonable

shown in Figs. 1, 2, and 3. In parallel geometry in Fig. 1 thevalue of g=2.134 was reportetl. is the Gilbert damping

resonance fields were found to be strikingly different alongconstant. , _

[011] (2170 O¢ and[011] (3360 O¢ direction, exhibitinga .~ SMPle way to determine the resonance frequency is

large uniaxial anisotropy with the easy and hard direction®'VeN by considering f[he equilibrium c_ondmon of ma_gneh-
— , o zation under steady field and neglecting the dynamical as-

allong[Oll'] and[Oll],.respectl\{er. The correspopdlng “nej pects of FMR and damping effect, leading to the following

width AHl_s also obviously anisotropic, 220 Oe in easy d"general expression of resonance frequehcy:

rection,[011] and smaller by 50% in hard directiofQ11].

For perpendicular geometry the data of FMR show an abnor- 2=(M sina)z{F""F‘/’¢’_ (F0¢)2}_ )

d

0]
Y

HereF;; is the second derivative of the free energy density
with respect to the spherical coordinatésand ¢ for the

o d single crystalline thin film system. For the data in the figures,
2001 o0 o ® F is assumed to be as follows:
> °* ® g F=—MH[cosé cosfy+sinsin by cos ¢— dy)]
S 60| & e e e , L . _
= ° wd o —2mM?2sir? 6+K;, sir? 6—Kk sir? 6 sir? ¢ 3)
1201 ° ° which contains Zeeman energy, demagnetzing energy, per-
f i . , ‘ pendicular anisotropy energy, and in-plane uniaxial anisot-
0 100 200 300 400 ropy energy. Substituting Eq3) into Eq. (2) and consider-
9, (degree) ing the equilibrium condition of magnetization orientation by

minimizing the free energy with respecting toand ¢, the
FIG. 2. The experimental data of the linewiddH as a function of field f0||(_)Wing _expre_ssion for resonance fr_equency as a function
orientation anglepy, . of field orientation,f,, and ¢, is obtained:
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w\? . ) —N)M~10.7XM=16400Gs. The perpendicular anisot-
(;) ={H[cosf cosfy+sinf'sin 6y coS ¢ — ¢y) ] ropy constant is then determined to bK,=1.16

x 10" erg/cnt. Considering the average thickness of the film,

—47M 4 COS 20+ Hy cos 20 sin ¢} 4ML=5.7A, the equivalent surface anisotropy constant

Ks=0.6 erg/c. A rather large value.

X +singsi — _
{H[cos? cost +sin6'sin 6y cod &= diy)] (2) The value ofg=2.02 is even smaller than the value

—47M ¢t cOS O+ H (cos ¢—sir? 0 sir? ¢)} of bulk Fe. It is puzzling since for the ultrathin films more
| o contribution of electron orbital moment is expected to appear
—{H cosé cos¢ sin¢}-. 4 to the magnetization.
Here 4mM o=47M—2K./M. 47M refers to the demagne- (3) In-plane anisotropy becomes uniaxial instead of that

tizing field and X ;/M is the effective perpendicular anisot- of fourfold symmetry in cubic structure. This is consistent
ropy field, Hg , and H).=2K!/M is the effective in-plane with thein situ MOKE measuremerftThe effective in-plane

’ : i ; I I —
uniaxial anisotropy field. By theoretical fitting of Eq4)  anisotropy fieldHj =740 Oe refers td<;=6x 10” erg/cn?.
with the experimental data of resonance field at diffeigpt ~ AlSO a relatively large value. _ _
and 6, the magnetic parameterssM o, Hl , andy or g (4) The linewidth is relatively large and anisotropic, 220
factor are determined. Figure 3 also shows the theoretic4Pe in easy directior{,011], while 110 Oe in hard direction,
curves of Eq.(4) with the following parameters AM .  [011]. Itis consistent with severe inhomogeneity in the 4 ML
=1900Gs, y=1.78<10'/s Oe, g=2.02 and H','<=740 Oe coverage of Fe and the in-plane uniaxial anisotropy of the

when ¢y = ¢p=7/2. clusters.
A discussion for the figures and the fitted data is given as
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