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ABSTRACT

With spin polarized electron spectroscopies, we have investigated ordered Gd((}001)
films deposited on W(ll0). The photoemission features of the gadolinium 5d surface
state, the 4f levels, and the background exhibit considerable spin polarization along the
same direction in the plane of the film, indicative of ferromagnetic coupling between the
surface and the bulk. The 4f spin polarized photoemission data provides strong evidence
that the surface 4f polarization differs from the bulk 4f polarization for Gd(0001). Our
temperature dependent measurements with spin polarized secondary electron spectroscopy
conclusively establishes that the surface of clean Gd(0001) possesses a perpendicular po-
larization component which persists to an enhanced surface Curie temperature. Small
amounts of contamination at the surface result in the disappearance of the perpendicular
component and, therefore, a more perfect ferromagnetic coupling between the surface and
the bulk.

INTRODUCTION

The issues of surface magnetic anisotropy and the magnetic coupling between the
surface and the bulk have attracted considerable attention. The Gd(0001) surface appears
to exhibit enhanced magnetic order, i.e., higher Curie temperature at the surface than
in the bulk [1]. It is seen to be able to maintain an in-plane remanent magnetizat.ion
[1, 2, 3, 4], although there is indication that an perpendicular anisotropy exists for ultrathin
Gd films[4]. Calculations [5] supported the altered exchange coupling in the surface layer. .
and the postulate put forward earlier _n the basis of experiment [1] that the surface is
antiferromagnetically coupled with the bulk. In this paper, we provide evidence that
the surface is no__!tantiferromagneticaUy coupled with the bulk but rather an imperfect
ferromagnetic coupling exists between the surface and the bulk as a result of a sizable

perpendicular polarization of the surface layer, consistent with earlier work [3, 6, 7]. This
effect undoubtedly results in phenomena consistent with the earlier experiment [1] but
challenges the simpler models of perfect antiferromagnetic [1, 5] or perfect ferromagnetic
[8] coupling between the surface and the bulk.

Our recent photoemission studies [9, 10, 11] of the Gd(0001) band structure have
demonstrated the existence of a surface state at F consistent with the theoretical band

structure[5]. The surface state is well localized at the surface[11 , 12], and is theretbre a
unique probe of the surface magnetic order without requiring the complex task ,_fseparat-
ing surface and bulk signals. In addition, the temperature dependence of both the parallel
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and perpendicular components can be measured explicitly.

EXPERIMENTAL

The photoemission experiments were undertaken at the U5 beamfine at the Natio,lal

Synchrotron Light Source (NSLS). The spectra were taken at low photon energies (t ypicallv

43 eV in this w_rk) using a low energy spin polarimeter (described in detail elsewhere(13.

14]) attached to a commercial angle-resolved hemispherical analyzer. The fight polarization
of the incident light was perpendicular to the appfied field and a mixture of s- and p-

polarized fight (55 ° incidence angle). All photoelectrons were collected normal to the

surface since the Gd surface state is centered at F {5, 9, 10, 11, 12]. The c_rnbinc_l

energy resolution of the spectra was 300 meV. Spin polarized secondary electron emissioF1

experiments were conducted in a separate UHV system{15] equipped with two medium-

energy retarding field Mott polarimeters capable of measuring all three comporleTIts of the
spin polarization vector. The secondary electrons were collected around normal emission

with the sample negatively biased at -30 V. Ali spin polarization measurements were

performed on remanantly magnetized samples.

The gadolinium films were evaporated from a tungsten basket, or crucible, at a rate

of 0.5 - 2 /_./min. onto single crystal W(ll0), following well established procedures that
are known to give coherent ordered clean gadolinium films[ll, 16]. Following the deposi-

tion onto the room temperature substrate to allow laver-by-layer growth, the films were

annealed at 450-550°C to reduce the number of defects [17, 18]. The films prepared in this
way are fiat and yield better remanent magnetization, in contrast to the "island" films
grown at the elevated temperature of 450°C. The thickness of the films used in this work

was typically 200 -500 /_.

RESULTS AND DISCUSSION

As seen in Figure 1, the 5d surface state near the Fermi energy is highly spin-polarized

as is the photoemission background and the Gd 4f levels for Gd(0001) films at 100K (the
bulk Curie temperature is 293 K). The polarization for these films is 33 to 52% in the

plane of the film. The polarization of both the surface s_ate near Er which contains

only the surface contribution and the 4f photoemission feature with strong contributions

from the gadolinium bulk are nearly constant at around 33%. The spin polarization of

"the 4f feature does not change much (_:10%) with photon energy of 43 - 100 eV. while

the surface sensitivity changes because the electron mean free path changes with electron

kinetic energy. These facts exclude any possibility that the surface is antiferromagnetically

coupled to the bulk. These results are consistent with the previously reported results from

spin polarized photoemission of the shallow 4f gadolinium core levels and the spin-polarized

secondary electrons[3, 7].

The "in plane" 4f spin-polarized spectra for clean, well ordered gadolinium films llave a

maximum for the spin minority peak at a binding energy 300 to 400 meV greater than that

of the spin majority peak for gadolinium films at I00K (as seen in Fig. 1 & 2). This bindinK
energy difference diminishes with the adsorption of a very small amount of contamination

as seen in Fig. 2. Continued adsorption of contamination leads to a decrease in the net

polarization and a diminution of the surface state intensity.
It has been well established that there exists a surface to bulk core level slli[t [,_r

gadolinium{19, 20]. For the 4f photoemission feature the surface component has a biwldiT_
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Figure 3: Temperature dependence of the spin polarization of 2 eV secondary electrons

from a 400 AGd(0001) film grown at 300K annealed to 825K for 3.5 minutes. T,. and T,,,

indicate the surface and bulk magnetic ordering temperatures, respectively.

energy at least 0.374-0.02 eV greater than the bulk[19]. The different surface laver and

bulk contributions to the Gd 4f photoemission signal can be easily seen from tile difference

spectrum between the spectrum obtained for a 1 monolayer films and the spectra, ol_tained

for thicker gadolinium films as seen in insert to Fig. 2. As can be seen from the insert to Fig.

2, the intensity and binding energy of the surface (1 monolayer film) contribntion to tile 4f

levels closely resembles the intensity and peak position of the spin minority contribution to

the spin resolved photoemission spectra for gadolinium films at 100K (T/T,.=0.34). While

the level of polarization (>30%) and the spin majority polarization of tile surface state

excludes antiferromagnetic coupling between the surface and tile bulk as tinted above.

this apparently sfightly greater binding energy of the in-plane spin minority gadolinium

4f peak indicates that, for the films that are free of contaminations, the surface is slightly

less polarized in the plane of the film when compared to the bulk. The Gd 4f moment may

be safely assumed to be the same for the surface and the bulk as they are large localized

moments [5]. Our results, therefore, suggest that there exists a surface magnetic moment
component normal to the surface.

, The existence of a perpendicular component in the surface magnetiza.ti,m is clearly

shown in the temperature dependent secondary electron polarization data in Fig. 3. The
secondary electrons are highly polarized due to significant contributions from the 4f core

electrons[3, 7], and clearly show both perpendicular and in-plane polarization. Since the

perpendicular component persists to a critical temperature well above (-_ 4{) K) the bulk

Curie temperature (Tcs), it can only be identified with the surface polarization, as is the

non-vanishing in-plane component above :/'cs. The complete insensitivity of the perpen-

dicular magnetization to the bulk magnetic transition suggests that the Gd(0001) s,lrface

behaves as an independent magnetic entity. We further note that, as best revealed in

the perpendicular component, the surface magnetic transition is extremely abrupt, rem-

iniscent of a two-dimensional system or possibly even a first order phase transition[2l _.

It is important to stress, however, that in the present experiment the sample was left
in its remanent state throughout the entire temperature sweet>, whereas in the urevious
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SPLEED[1] experiment the sample was remagnetized at each temperature step. There-

fore, the present data contains, in the sign of the polarization, the added information oI_

the relative directions of the in-plane polarizations above and below T¢_. The lack of a

sign reversal on going through TCB shows that the in-plane surface and bulk moments are

ferromagnetically coupled.
The presence of a normal component of the surface magnetization are substantially

altered by contamination. Very small amounts of contamination result in a reduction of

the out of plane component of magnetization in the surface. As seen in Fig. 2, the binding

energies for the spin minority and spin majority contributions to the Gd 4f signal differ by

350"+'50 meV for a clean Gd film but differ by less than 100 meV following the adsorption of
contamination. We noted that the surface state still exists with the level of contamination

that results in near perfect ferromagnetic ordering. So this perpendicular component of

the magnetization at the surface is more sensitive to surface conditions than the surface
state.

CONCLUSION

With spin-polarizedspectroscopies,we haveshown thatthe5d surfacestatenear El is

a magneticsurfacestate.The surfacemagnetizationofcleanGd(0001) iscantedout ofthe

plane,with itsin-planecomponent ferromagneticaUycoupledwith thebulkmagnetization.

The existenceof a perpendicularcomponent in the surfacemagnetizationindicatesan

alteredsurface-bulkcouplingand possiblya strongsurfaceanisotropy.

ACKNOWLEDGEMENTS

This work was supported in part by the U.S. Department of Energy (Syracuse Univer-

sity) and the NSF (Univ. of California at Irvine). The NSLS is supported by the DOE
under contract # DE-AC02-76CH00016. The authors would like to thank G.A. Mulhollan

(Univ. of Texas) for his technical assistance and Prof. Erskine (Univ. of Texas) for loan
of the dewar.

• Present address: Mail Stop 66, Stanford Linear Accelerator Center, Stanford. CA
94309.

Present address: Code 6345, Navel Research Labatory, Washington, DC 2{}375-5313.

References

[1] D. WeUer, S. F. Alvarado, W. Gudat, K. Schr6der and M. Campagna, Phys. Rev.

Lett. 54, 1555 (1985); D. WeLler and S. F. Alvarado, J. Appl. Phys. 59. 2908 (1986).

[2] M. Taborelli, R. AUenspach, G. Boffa and M. Lando]t, Phys. Rev. Lett. 56.

2869(1986); O. Paul, S. Toscano, W. I'liirsch and M. LandoJt, J. Magn. _[agn. hlater.

84, a 7 (1990).

[3} H. Tang, D. Weller, T. G. Walker, J. C. Scott, C. Chappert, H. Hopster. A. W. Pan_.
D. S. Dessau, and D. P. Pappas, Phys. Rev. Left., submitted.

[4} M. Farle, A. Berghaus, and K. Baberschke, Phys. Rev. B 39, 4838 (1989).



[5] 1t. Wu, C. Li, A. J. Freeman and C. L. Fu, Phys. Rev. B44, 9400 (1991): R. Wu and

A. J. Freeman, J. Magn. Magn. Mater. 99, 81 (1991).

[6] Dongqi Li, Jiandi Zhang, P. A. Dowben, and K. Garrison, J. Phys.: CoudeT1s. h[atter,

5, L73 (1993).

[7] II. Tang, T. G. Walker, II. IIopster, D. P. Pappas, D. Weller and J. C. Scott. Phys.

11ev. B, 47, 5047 (1993).

[8] G. A. MulhoUan, K. Garrison, and J. L. Erskine, Phys. Rev. Left. 69, 3240 (I992).

[9] Dongqi Li, C. W. Hutchings, P. A. Dowben, C. Hwang, R. T. Wu, M. Onellion. A.
B. Andrews, and J. L. Erskine, J. Magn. Magn. Mater. 99, 85 (1991).

[10] Dongqi Li, C. W. Hutchings, P. A. Dowben, C. Hwang, R. T. Wu, hi. O,ellio,,. A.
B. Andrews and J. L. Erskine, J. Appl. Phys. 70, 6062 (1991).

[11] Dongqi Li, Jiandi Zhang, P. A. Dowben and M. Onellion, Phys. Rev. B45, 7272 (1992).

[12] Dongqi Li, Jiandi Zhang, P. A. Dowben and M. Onellion, Phys. Rev. B. submitted.

[13] M. R. Scheinfein, D. T. Pierce, J. Unguris, J. J. McClelland, R. d. Celotta and ._]. II.

. Kelley, 11ev. Sci. Instrum. 80, 1 (1989).

[14] P.D. Johnson, N.B. Brookes, S.L. Hulbert, lt. Klaffky, A. Clarke. B. Si, kovid. N.\'.
Smith, It. Cellota, M.H. Kelley, D.T. Pierce, M.R. Scheinfein, B.J. Waclawshi. and

M.R. Howells, Rev. Sci. Instrum. 83, 1902 (1992).

[15] D. P. Pappas, K.-P. K_mper, and H. Hopster, Phys. ltev. Lett. 634, 3179 (1990).

[16] P. A. Dowben, D. LaGraffe and M. OneUion, J. Phys. Cond. Matt. 1. 6571 (I989).

[17] U. Stetter, M. Farle, K. Baberschke, W. G. Clark, Phys. Kev. B 45, 503 (1992).

[18] S.D. Barrett, Surface Science Repts. 14, 271 (i992).

[19] D. LaGraffe, P. A. Dowben, and M. Onellion, Phys. Rev. B 40, 3348 (1989).

[20] R.. Kammerer, J. Barth, F. Gerken, A. FlSdstrom and L. I. Johansson. Solid S_ate

Commun. 41,435 (1982).

[21] D. WeUer and S.F. Alvarado, Phys. 11ev. B 37, 9911 (1988).

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product,or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product,process, or service by trade name, trademark,
manufacturer,or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.






