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UAs/Co multilayers studied by x-ray magnetic circular dichroism at the U M 4 5 edges
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X-ray magnetic circular dichroisfXMCD) measurements have been performed on UAs/Co multilayers at
the M, s edges of uranium. The linear relation between the polar Kerr rotation previously measured ahd the 5
magnetic moment deduced from XMCD has been demonstrated. Temperature and field dependences have been
studied. The ferromagnetic character of the UAs layers is clearly shown and room-temperature measurements
indicate the presence of an induced uranium moment through exchange coupling with the Co magnetic mo-
ments.
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[. INTRODUCTION and on a 200 A buffer layer of cobalt. They are amorphous
with a total thicknesses of-1400 A and the UAs layers

Much of the recent scientific interest in magnetic multi- were sputtered from their elements to gived/[As] atomic
layers has been driven by their potential use in practical deratio of 1.5%3 The structures were deposited under computer
vice applications such as magneto-optical storage mediaontrol. The Co layers were prepared by holding the glass
Following the discovery of large magneto-optical Kerr ef- substrates over the source and opening the shutter for a
fects(MOKE) in U compounds by Reim and Schoerdas;  precalibrated time; the U-As alloy layers were prepared by
searchers at IBM attempted to make a room temperature fesequentially depositing subatomic layers of 1 and 1.5 A of U
romagnet film using uranium® They started to work on and As, respectively. To avoid possible degradation due to
amorphous USb and UAs which they found to be ferromagimoisture, the samples were covered by a top protective co-
netic with a Curie temperatufB-<140 K.* When other el- balt layer and stored in a dry atmosphere in between the
ements, such as Fe, Mn, Cu were mixed into the filgndid different measurements. Our experience with new multilay-
not increasé?® They then turned to the production of sput- ers, with Fe as the top layer, has shown that the change is
tered multilayer films of Co and UAs layers with the aim of slow (over many yeajseven when the multilayers are stored
inducing polarization in the U through exchange coupling toin air (and Fe is much reactive than Co
the Co layer$:® Among the limited initial studies, magneto- In Sec. Il of this paper, investigations by x-ray
optical experiments showed that there was a moment on theflectivity are presented to check the quality and periodicity
uranium site at low temperature in all samples and even af the samples. We introduce the XMCD technique
room temperature in the XJUAs(80 A)/Co(20A) and the experimental procedure in Sec. Ill. The low-
multilayer® Subsequent efforts by some of us using polarizedemperature  XMCD results for the three multilayers
neutron reflectivity(PNR) have not confirmed these results will be discussed in Sec. IV; here, we compare the 5
unambiguously. Although analysis of the PNR data indi- moment obtained by XMCD with the previous polar
cates that there is indeed magnetism in the amorphous$err rotation measurements. Section V is dedicated to
UAs layers, the main part of the magnetic PNR signalthe study of the temperature and field dependences of
arises from the Co moment, both within the multilayerthe 5f magnetization in the 12[UAs(80 A)/Co(20 A)]
and in the buffer material. This has a value close to that osample. A small inducedfSmoment at room temperature in
elemental Co and considerably larger than any moment at thikhis multilayer is found to exist. Finally, conclusions are
U site. drawn in Sec. VI.

This paper deals with x-ray magnetic circular dichroism
(XMCD) measurements performed at tilg (3726 e\j and
M5 (3551 eV} edges of uranium. The XMCD technique al-
lows one to probe the fSmagnetism separately thus over-  The structures of the multilayers were investigated by
coming the difficulty encountered in the PNR measurementsc-ray reflectivity using the rotating anode x-ray diffracto-
XMCD measurements were made on three of the UAs/Caneter at Keele UniversitfU.K.). The x-ray reflectivity spec-
samples from IBM, namely, 22[ UAs(80 A)/Co(20 A)], tra of the 12<[UAs(80 A)/Co(20 A) sample together with
15X[UAs(60 A)/Co(20 A)], and  20<[UAs(40 A)/  the best fit using a simple bilayer model is presented in Fig.
Co(20 A)]. 1(a). This model is clearly inadequate to account for the

These bilayered films were all grown on glass substrateexperimental scattering profile; a more sophisticated simula-

Il. SAMPLE CHARACTERIZATION
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10° , , , , , , l1l. XMCD TECHNIQUE AND EXPERIMENTAL
! (a) Bilayer model PROCEDURE
10* - 12 x [UAS(80A)/Co(204)] A. Background
2. 5 Energy = 8.048 keV X-ray magnetic circular dichroism is an element-sensitive
8 107 technique which allows the evaluation of the expectation val-
2 ues of thez projections of both the orbital momefit,) and
102 F the spin angular momentugs,) with the help of magneto-
3 optical sum rule§:® This magnetometry tool uses the x-ray
10! absorption orbital selectivity of a given element and the sen-
sitivity provided by a circularly polarized x-ray beam to the
10° magnetic state of matter. The experiment consists of measur-
0 ing the absorption of a magnetic sample submitted succes-
sively to a right and a left polarized x-ray beam at the thresh-
10° i : , : , : . old excitation energy of a chosen core hole in the unfilled
I . part of the valence band. The difference between the two
I (b) Trilayer model : . . . .
wotl A 12x [UAs(804)/Co(208)] | absorption spectra is the dichroism signal. In our case of
: interest, the 5 shell of uranium can be investigated by
%«103 i Energy = 8.048 keV performing XMCD measurements at th&l,s edges
S corresponding to @;/, 5,— 5f transitions. Sum rules allow
E el the quantities (L,)/ny, and (LSS with (S)=(S,)
271 +3(T,) to be extracted(T,) is the expectation value of the
- z projection of the magnetic dipole operator of thé hell
10° andny, is the number of holes in this shell. Further details
about XMCD at the UM 5 edges technique can be found in
10°0 Refs. 10-12.
26 (°)
FIG. 1. Fits to x-ray reflectivity data for the 12 B. Experiment
X[UAs(80 A)/Co(20 A film using a bilayer modeitop panel The XMCD measurements were performed at the ID12A
and a trilayer mode{bottom panel beamline of the European Synchrotron Radiation Facility

(ESRF, Grenoble, Frangewhich is de4dicated to polarization
tion is required due to the relatively poor quality of the dependent x-ray absorption St_Ud}éé The x-ray source is a
sample. Indeed, further evidence that the sample is not pefelical undulatorHelios-Il) which provides a beam charac-

fect can be found in the fact that the Kiessig fringes are not€"ized by high flux, high circular polarizatio@bout 97%)

resolved in the x-ray scattering. Such effects are often ass&nd tunable helicity. A double @il1) crystal monochro-

ciated with layers that are not flat. A trilayer model for the mator was used. At the energy of the, andMs edges of

multilayer structure was then considered, introducing an ad-ranium, the monochromator Bragg angle is large and the

ditional “alloy” region of UAs-Co with 50% mixing of the ?heeg;iggsgéﬁliga;g%alZ)agﬂg c:lfSt(;)e{\rxo)n%chromatlc beam is
electron densities. This model gives a much better descri 5 4

i . = o P~ In order to polarize the sample, a 4 T magnetic field
tion of the scattering and the fit is presented in Figp) Tor roduced by a superconducting cryomagnet was applied.
the 12 bilayer sample. The thickness of the alloy region wa:

. ) _ he XMCD signal was obtained by flipping the helicity of
determined to be around 10 Ain agreement with the deadme jncident photon beam; this is equivalent to reversing the
layer thickness suggested by the previous bulk magnetizatiogagnetic field direction(parallel or antiparallel to the
measurements. incoming photon beajm The normal to the multilayer sur-

The x-ray reflectivity for the 1%[UAs(60A)/  face made a 30° angle with the field direction. Due to the
Co(20 A)] and the 26K[UAs(40 A)/Co(20 A) samples high absorption of uranium the different spectra were mea-
was also measured, resulting in a similar thickness obured in the fluorescence yield mode. This mode is the easi-
the UAs-Co alloy region. In all cases, the x-ray reflectivity est method to employ in the presence of a magnetic field;
data indicate that these samples present relatively largeevertheless self-absorption corrections to the measured
interdiffusion and possibly topologically rough interfaces fluorescence spectrum are required to obtain the absorption
that prevent the Kiessig fringes being resolved. For thigoefficient.
reason a detailed reflectivity analysis is not worthwhile. The relation between the absorption coefficient and
Nevertheless, the presence(oélatively) sharp peaks in the the normalized fluorescence intensity%(E) =1%(E)/14(E)
reflectivity spectra of all three samples is evidence of thevhere I*(E) is the measured fluorescence intensity
periodicity of the multilayers, despite the existence of inter-and |4(E) is proportional to the incident flux, can be
diffusion regions. written ag®’
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X.0 mx(E) In the case of interest here, the multilayers containing
1™ (E):Bmf(E) (1) uranium are characterized by {[ ui(E)/sina]
tot +[ uo(Ef)/sin B]} d=0.3 so neither of the two assumptions
with above is valid. Therefore, Eq1) has been solved numeri-
cally by iterative methods starting from the absorption coef-
piol(E) o Eq) ficient calculated for a thick sample. This correction does not
f(E):l—eXF{—( :;1 tsoitnﬁf )d} (2) lead to significant variations of thé,) and (S,) values
o

where d is the thickness of the sample under study an

ux(E) is the absorption coefficient associated to the producf

tion of a core hole in the level X of interesjy(E)
= ux(E) + pomel E) Is the total absorption coefficient with

Mothel(E) ascribed to absorption due to levels other than X

and to the other atomic species. We have defied
=(sina/sin B)uu(Ef). « is the angle between the sample
surface and the incident photon beam of enefgys is the

derived from the data. Nevertheless, the presence of uranium
in the multilayers under study legitimates its use. All the
ollowing results have been corrected for self-absorption ef-
ects in this way.

IV. LOW-TEMPERATURE XMCD RESULTS FOR
DIFFERENT UAS THICKNESSES

This section is dedicated to the low-temperature XMCD

angle between the outgoing fluorescence photon and thesults obtained for the 12, 15, and 20 bilayered films. Ab-

sample surface, an; is the energy of the photon resulting sorption and dichroism spectra corrected for self-absorption

from the hole decayB depends only on the experimental effects are presented in Fig. 2.

setup and can be determined in order to obtain typical char- As for several previously measured uranium

acteristics of the “jumps” at the actinide absorption eddfes. compound¥*11%2°the M, edge XMCD signal reproduces
Two simple assumptions can generally be made, fronthe white line shape while at thé 5 edge the signal vanishes

Egs. (1) and (2), (i) For thin samples(low absorption, for energies larger than the absorption maximum. Further-

(mioi(E)Isina+wei(Ef)/sinB) d<1  leading to ux(E) more, the dichroism spectra at tid, and theM; edges
«|X%E). (i) For thick samples (high absorptioh  do not decrease with UAs layer thicknesses in the same
(ioi(E)Isina+we(Ef)/sinB) d>1  and then ux(E) way. The decrease of tHd ; edge XMCD amplitude seems

=1*%E)[ wotned E) + AJ/[B—1YE)]. to be proportional to the UAs thickness while thé,
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n x [UAs(tA)/Co(203)] ered samples, confirming the trend of theMJ)-edge XMCD
I LI A B B B signal. This feature could be ascribed to the interdiffusion of
1.0 B Sa ] Co in the UAs layers associated with the formation of a
L N . “dead” layer at each interfacésee Sec. Il and Ref.)3In-
0.8 - \+{2 Tii;ag_elrs-ﬁ 80 “ . deed, if such a dead-layer exists, one would measure an av-
? o0l +\\ viayers - 1= ] erage § contribution with a mixing of the magnetievithin
= \\\ | the layej and nonmagneti¢dead-layer parts of the UAs
S o4 b 20 bilayers - £ = 40 - layers. Assumlng the dead-layer thlcknes_SO be constant _
- o . from one multilayer to another and taking the magnetic
02 N 7 moment carried by the magnetic part of UAs layers
00-— AN to be um2Y5f)=0.7 ug,>® one can _estimate a val_ue
) T T of A~13 A from our XMCD results, in agreement with
14 -12 -1.0 -08 -0.6 -04 Ref. 3. Thus, even if this result is considered as an indication
Polar Kerr rotation (°) of tendency(the XMCD technique is not optimized for

such a determination it again favors the interdiffusion
FIG. 3. The 5 magnetic moment deduced from our XMCD scenario.
measurement35 K, 4 T) is plotted vs the maximum polar Kerr  \We stress the direct relationship between the maximum
rotation (MOKE:® 10 K, 3 T) for the three multilayers. polar Kerr rotation measured by Fumagaitial® at a tem-

] ) erature of 10 K and under a 3 T applied magnetic field and
edge amplitude is roughly the same for the 12 and 18pe 5f magnetic moment deduced from our XMCD experi-
bilayered films and drops sharply for the 20 layer samplement, which were performed at 35 K and 4cF. Fig. 3. We
This feature does not arise from a badly corrected saturatiofote the linear relation between the two sets of data, confirm-
effect since the variation of the f5magnetic moment jng that the MOKE results are directly related to the mag-
exactly reproduces the magneto-optical Kerr effees  netic contribution of the uranium.

shownin Fig. 3. _ o Note that for a zerqu(5f) we have a nonzero Kerr rota-
The orb|talgand spin magnetic contributions deduced fromion angle, the so-called optical constant effect, which is al-
the sum rule%® are summarized in Table |, taking thg and  \vays present in Kerr rotation measuremetif&ie aim of our

(T2) values corresponding to each of the two uranium vastdy is then to see whether the uranium moment contributes
lence states, & (U**) and 5% (U%*).?! We are not able to  tg the room-temperature Kerr effect.

determine the uranium configuration since bofti &nd 52

assumptions give reasonable orbital to spin ratio values when

compared to the free-ion onfs. Neve_rtheless, we note thg_ XMCD RESULTS AS A FUNCTION OF TEMPERATURE

good agreement between thé&*5magnetic moment de_duced AND FIELD FOR THE 12 X[UAs(80 A)/Co(20 A)]

from the XMCD measurements, and the magnetization valuey, | TILAYER—EVIDENCE OF THE U POLARIZATION

for UAs amorphous films, reported by Fumagatial., of

=0.7 ug.>® Furthermore, previous studies performed on In this section we concentrate on the 12 bilayered sample

uranium monopnictidéé? strongly suggest a ¥ (5f3)  since it is the one which exhibits the largest uranium mag-

configuration, confirming the agreement between our resultsetic moment and as a consequence the largest polar Kerr

and the MOKE interpretations. For simplicity, we will thus rotation. The UM, edge XMCD signal area has been mea-

assume the & valence state only in the following parts of sured as a function of temperature and field. The associated

this paper. 5f magnetic contribution was then deduced using the scaling
We also note that the uranium moment for the 20 bilay-factor which connects the W, edge XMCD integrated sig-

ered film is much smaller than that of the 12 and 15 bilay-nal measured at 10 K and the correspondirfgndagnetic

TABLE I. Magnetic contributions deduced from XMCD measurements performed at 35 K and 4 T for the
12, 15, and 20 bilayered filmgorresponding to UAs layer thicknessesf 80, 60, and 40 A, respectivély
Orbital, spin and total 5momentsu, (5f), ug(5f), anduw(5f), respectively, are given ing . Experimental
orbital to spin moments ratios; w, (5f)/ug(5f), should be compared to the theoretical val(@$4 and
3.36 for the 53 and 52 configurations, respectively).

Bilayers t(UAs, A) . (5F) ws(5f) w(5f) w (57)

_ ue(5f)

5f3 12 80 1.4(1) —0.59(6) 0.8(2) 2.3@1)
15 60 1.3(1) —0.59(6) 0.7(2) 2.2(9)

20 40 0.74(7) —0.34(3) 0.4(1) 2.1810)

5f2 12 80 1.5(1) —0.41(4) 1.1(2) 3.6660)
15 60 1.4(1) —-0.41(4) 1.0(2) 3.4(68)

20 40 0.81(8) —-0.23(2) 0.6(1) 3.5(55)
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FIG. 5. Raw fluorescence and dichroism spectra aMhe=dge
1.0 _ + 1 + + _ of uranium for the 12 bilayered film at 280 K and 4 T.
L l T I 4
5 08 + = but it shows that the applied field alone is not sufficient for
= r ] the polarization of the uranium; the role of the cobalt is
g Vo t ] clearly demonstrated.
= 04 - t _ Saturation is achieved abowe2 T as shown by the field
L . . j dependent measuremera;fortiori, 4 T applied along the
02 12> [UAS@B0A)/Co208)]  _ direction used is enough to saturate the sample. The saturated
- e T=35K . uranium moment reaches0.85(15) ug . Finally, Fig. 5 also
L shows that at room temperature there is a small XMCD sig-
0 z 4 6 8 nal at the UM, edge. This corresponds to an induced mo-
Applied magnetic field (T) ment on the uranium of=0.05 ug (assuming the & con-

figuration which is considerably lower than the 0.14
predicted by the IBM group.This result shows that, due to
the strong spin-orbit coupling, even a small uranium contri-
bution can lead to a sizeable magneto-optical effect. A mag-
netic moment can be induced between two layers of a
multilayer via exchange coupling.

moment resulting from the application of the sum rules. The
results are shown in Fig. 4. _ VI. CONCLUSIONS
Assuming the exchange field due to cobalt to be constant
in the region of interest here, we also present in Fig. 4 the A series of uranium arsenide/cobalt multilayers was stud-
variation of the 5 moment calculated within the mean-field ied using x-ray reflectivity and XMCD. The three samples

FIG. 4. Temperature dependence for a 4 T applied fiadp
pane) and field dependence at 35(Kottom panél of the 5f mag-
netic contribution assuming a° valence state. ThefSmoment
calculated in a mean-field scheme is shown as the solid (et
panels.

approximation. In this scheme, we define consisted of 12, 15, and 20 bilayers of UAs/Co with differing
UAs layer thicknesses. The x-ray reflectivity results indicate

w(5f) gugI[ N w(5F)+Hegl that, while the films are of relatively poor quality, the reflec-

=b; KT (3) tivity profile can be modeled by a trilayer model in which

Hrsat B there is a 10 A interdiffused layer of UAs-Co alloy in agree-

ment with previous published resufts.
XMCD measurements have been performed on these mul-
3k T tilayers at 35 K with a 4 T applied field. For the 12
= B ¢ . (4)  X[UAs(80 A)/Co(20 A) multilayer, both temperature and
MsalQue)(I+1) field dependent measurements, have been performed. A lin-
B;(x) is the Brillouin function...(5f) is the 5 magnetic  ear relation between the polar Kerr rotation and theriag-
moment andus,=0.83up its saturation valueHerr=Happ  netic moment has been demonstrated, confirming pre-
+HS2., represents the effective field as the sum of the apvious interpretations of the magneto-optical effect. For
plied field and the exchange field due to the cobalt ionsthe 12<[UAs(80 A)/Co(20 A) and 15<[UAs(60 A)/
Considering a 8" configuration, we havd=9/2 and the Co(20 A)] multilayers, the uranium moment is in good
Landefactor calculated in the intermediate coupling schemeagreement with magnetization measurements. The moment
g=0.759. A rather good agreement between experimentalecreases considerably for the 20 bilayered film correspond-
and calculated 5 magnetic contributions is obtained using ing to the thinnest UAs layergt0 A). This feature seems to
the UAs Curie temperaturdc=100 K and HS%,=6 T.  confirm the presence of a dead UAs-Co layer
This model oversimplifies the physics of these multilayersat each interface. The temperature and field dependences

with,
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