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Modest magnetic moments of Ti impurities on the surface and in the bulk of K, Rb, and Cs films

Douglas Garrett and Gerd Bergmann*
Department of Physics, University of Southern California, Los Angeles, California 90089-0484

~Received 30 July 2002; published 16 December 2002!

Thin films of Na, K, Rb, and Cs are quench condensed, then covered with 1/100 of a monolayer of Ti and
finally covered with the original host. The magnetization of the films is measured by means of the anomalous
Hall effect. An anomalous Hall resistanceRAHE is observed for Ti on the surface of K, Rb, and Cs and for Ti
inside of Cs. Essentially theRAHE varies linearly with the magnetic field and is inversely proportional to the
inverse temperature. A small nonlinearity ofRAHE suggests a Ti moment of about 1mB .

DOI: 10.1103/PhysRevB.66.224407 PACS number~s!: 75.20.Hr, 71.20.Dg, 73.20.Fz
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I. INTRODUCTION

The properties of magnetic transition metal impurities
alkali metal hosts are a very fascinating field. There are o
a few experimental investigations of these systems,1–5 be-
cause the transition metal impurities do not dissolve in
alkali hosts, and special low temperature preparation m
ods must be applied. Riegelet al.1 investigated the propertie
of Fe in the alkali hosts Cs, Rb, K, and Li. These auth
introduced magneticd impurities by nuclear reactions or re
coil from nuclear reactions into the alkali metals. For t
investigation of the magnetic properties they measured
hyperfine fieldB(0) at the Fe nucleus in the temperatu
range from 20 to 350 K. These authors suggest that the
atom dissolved in Cs, Rb, and K possesses its atomic e
tronic structure for thed shell, which is a 3d6 configuration
for Fe. In the following we call this the ‘‘atomic model.’’ The
resulting magnetic moment of the Fe is then 6mB . ~We de-
fine the magnetic moment asm/mB5gJ).

Our group used the method of quenched condensa
onto a substrate at helium temperature to obtain alkali fi
with d impurities. We investigated the magnetic moments
Fe and Co in thin Cs, Rb, K, and Na films.2–5 The magneti-
zation of the 3d impurities was measured by means of t
anomalous Hall effect. We observed giant magnetic mome
between 6 and 7mB for Fe and Co on the surface of the
alkali films and even larger moments in the bulk of the
alkali hosts with up to 10mB for K and Rb hosts. These
observed moments are too large to be explained with
‘‘atomic model’’ which yields a maximum moment of 6mB .
Even Ni impurities on the surface and in the bulk of K, R
and Cs showed a moment of about 3 – 4mB . The disagree-
ment between our experiments and the atomic model bec
even more dramatic for the magnetic moment of V impurit
in K and Na films.5 Here the atomic model predicts a ve
small magnetic moment for the V of3

5 mB while our experi-
ments yield magnetic moments for the V in Na and on
surface of K of about 7mB . From all these measurements w
conclude that the moments of the 3d impurities in the alkali
hosts are enhanced by polarizing the conduction electron
the host. However, this suggestion is at odds with sp
density functional calculations.6,7

Theoretically Henryet al.6 found ad7 configuration for
Fe ions in different alkali hosts in a cluster calculation a
Solovyevet al.8 arrived at ad7 configuration for Fe in Rb
0163-1829/2002/66~22!/224407~7!/$20.00 66 2244
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~using what they call the LDA1U formalism!. Guo7 ob-
tained about 6.3d electrons for Fe ions in K, Rb, and Cs an
7.4 d electrons for Co ions in Cs~in an orbital-polarization
corrected relativistic spin-density functional calculation!.

Recently in a beautiful experiment Gambardellaet al.9

applied x-ray absorption spectroscopy~XAS! and x-ray mag-
netic circular dichroism to investigate the electronic struct
of Fe, Co, and Ni impurities on the surface of K and N
films. They concluded from their experimental results th
Fe, Co, and Ni ions in Na and K have localizedd states.
Their conclusion is that the Fe ion is in ad7 configuration,
the Co ion in ad8 configuration, and the Ni on K in ad9

configuration. This conclusion differs from the interpretati
by Riegelet al., who found good agreement between th
experimental results and a simple calculation of the hyp
fine field. Gambardellaet al. rediscovered our result that N
on the surface of Na is nonmagnetic, and their XAS spec
suggests a superposition of 3d9 and 2p53d10 configurations.
A major claim by Gambardellaet al. is that there is no en-
hancement of the 3d moment in the alkali hosts, but we di
not find anywhere an experimental justification of this clai
Our experimentally observed moments of 6 – 7mB for V ions
on the surface and in the bulk of K and Rb cannot be
plained by any ionic configuration of the V. A V11 ion with
d3 should have a moment of35 mB while a d4 configuration
should haveJ50 and therefore zero moment. Without a
enhancement the localized model is completely incapabl
explaining our experimental results.

So far we observed only one nonmagnetic combination
a 3d impurity in an alkali host, the Na/Ni system where th
Ni did not show a moment on the surface or in the bulk
Na. There might be a similar chance for the absence of
magnetic moment on the left side of the 3d row for Sc and
Ti. Therefore in this paper we study the magnetic proper
of Ti impurities on the surface and in the bulk of the alka
hosts Na, K, Rb, and Cs.

II. EXPERIMENTAL RESULTS

Since transition metal impurities do not dissolve in alk
hosts one has to prepare the samples at low temperatures
use the method of quenched condensation. The Na, K,
and Cs films are evaporated from alkali dispensers made
SAES-Getters. The quartz substrate is at He temperature
©2002 The American Physical Society07-1
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the ultra high vacuum is better than 10211 Torr. The prepa-
ration of our film samples is generally performed in thr
steps. First the alkali host film is quench condensed on
crystalline quartz plate and then annealed to 40 K. The fi
thickness is chosen so that the resistance per square is o
order of 100V after annealing. The thickness lies in the ran
between 5 and 10 nm. Then the host is covered with ab
0.01 atomic layer of Ti. In the third step the Ti is sandwich
with about five atomic layers of the alkali host. In som
experiments a submonolayer of Pb~0.01 to 0.2 atomic lay-
ers! is condensed prior to the first alkali film or on top of th
sandwich.~This is done to introduce a strong spin-orbit sc
tering. Then the magnetoresistance measurements tog
with the theory of weak localization permit the determinati
of the magnetic scattering of the Ti impurities.10,11! Details of
the film preparation are discussed in former papers.2,3

After each condensation the magnetoresistance and
resistance of the film are measured in the field range betw
27 T<B<17 T at several temperatures: 5, 6.5, 9.5, 14, a
20 K. From the Hall resistance we determine the initial slo
dRyx/dB at B50.

We first describe the experimental results for the sys
K/Ti/K. For the pure K film the Hall resistance is nicel
proportional to the magnetic field. For the pure K film th
initial slope dRyx/dB is temperature independent with
0.5%. There is, however, a small but finite deviation fro
linearity.

To make the nonlinear part of the~anomalous! Hall resis-
tance visible we subtract the linear part of the Hall resista
through the 7 T point of the Hall curveB @Ryx(7 T)/7 T#.
This yields for the nonlinear Hall resistanceDRyx5Ryx(B)
2B @Ryx(7 T)/7 T#. This small but finite nonlinear Hall re
sistanceDRyx is plotted in Fig. 1 for five different tempera
tures as a function of the magnetic field. The relative non
earity DRm

yx/Ryx(7 T) @the maximal deviation from linearity
divided byRyx(7 T) at the maximum field of 7 T# is rather
small, less than 1.031023 for the discussed K film. Further
more the nonlinearity is almost temperature independent

When the K film is covered with 0.01 atomic layers of
the initial slope changes dramatically,dRyx/dB depends now
linearly on the reciprocal temperature 1/T. In Fig. 2 the ini-
tial slopedRyx/dB of the experimental Hall resistance for

FIG. 1. The nonlinear part of the Hall resistanceDRyx

5Ryx(B)2B @Ryx(7 T)/7 T# for a pure K film.
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K/Ti film is plotted versus the inverse temperature 10/T. The
experimental points lie on a straight line. The extrapolat
1/T→0 yields the derivative of the normal Hall resistan
dRn

yx/dB while the temperature-dependent part represe
the anomalous Hall resistance~AHR! which is proportional
to the susceptibility. The extrapolated value of the~initial
slope of the! normal Hall resistance agrees by better th
0.5% with the normal Hall resistance of the pure K film. T
extrapolated normal slope allows a separation of the nor
and anomalous Hall resistance. We define the normal H
resistance as a linear function of the magnetic field:Rn

yx(B)
5(dRn

yx/dB)B.
The inverse temperature dependence of the initial slop

the AHRRAHE ~which is proportional to the susceptibility! is
the typical behavior of a free magnetic moment. The mag
tude of the AHR is remarkable; at 5 K the initial slope is of
the order of 20% of the normal Hall resistance slope.

In Fig. 3 the anomalous Hall resistance of the K/Ti film
plotted as a function of the magnetic field for five differe
temperatures. On this scale the AHR and therefore the m
netization are proportional to the applied magnetic fieldB.
The linear field dependence allows the conclusion that~a! the
Ti impurities have a magnetic moment and~b! this moment
is not a giant moment.

FIG. 2. The initial slope of the total Hall resistance as a funct
of 10/T ~squares! for a K film with Ti surface impurities.

FIG. 3. The anomalous Hall resistance of Ti impurities on t
surface of a K film for different temperatures.
7-2
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However, the linear AHR does not permit one to det
mine the actual size of the moment. For this we have to t
to the nonlinear part of the AHR. In Fig. 4 we have plott
DRyx5Ryx(B)2B @Ryx(7 T)/7 T# as a function of the mag
netic field. According to the definition ofDRyx the data
points return to zero atB57 T. One recognizes that there
a clear nonlinearity in the experimental data, although i
smaller by a factor 30 than the linear AHR. Below we a
going to use this nonlinearity to analyze the size of the m
netic moment of the Ti impurities.

When the K/Ti film is covered with additional K the non
linear behavior of the Hall resistance degenerates. In Fi
the nonlinear Hall resistance is plotted for different tempe
tures. ThisDRyx is composed of theDRyx of the pure K film
~see Fig. 1! and an additional Ti contribution. Both term
appear to be of the same order of magnitude. There is a s
temperature-dependent contribution but it is only sligh
larger than the scattering of the data. The new nonlinearit
at least an order of magnitude smaller than theDRyx of the
K/Ti film. On the other hand, there is still a large temperatu
dependence of the initial slope of the Hall resistance. In F

FIG. 4. The nonlinear part of the Hall resistanceDRyx

5Ryx(B)2B@Ryx(7 T)/7 T# for Ti impurities on the surface of a K
film. The full curves are calculated withJ51, g50.88.

FIG. 5. The nonlinear part of the Hall resistanceDRyx

5Ryx(B)2B@Ryx(7 T)/7 T# for Ti impurities sandwiched betwee
two K films ~bulk impurities!.
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6 the dRyx/dB is plotted as a function of 10/T. It yields a
reasonably straight line with about half the relative tempe
ture dependence as for the K/Ti film. This demonstrates
the Ti impurities in the bulk of K are also magnetic.

The magnetic character of the Ti impurities is confirm
by magnetoresistance measurements. In Fig. 7 the ma
toresistance of the pure K film, the K/Ti and K/Ti/K ar
plotted for 5.0 K. The different curves have the same c
ductance scale~which is the natural scale for weak localiza
tion!. The points are experimental points. The full curves
numerically calculated and composed of weak localization
small contribution from a quadratic magnetoresistance an
Lorentzian curve. The latter contributes only at large fiel
The width of the magnetoresistance is proportional to

FIG. 6. The initial slope of the total Hall resistance as a funct
of 10/T ~squares! for a K film containing bulk Ti impurities.

FIG. 7. The magnetoresistance curves of a pure K film, a K
film with 0.01 atomic layers of Ti on the surface, and a sandwich
K/Ti/K where the 0.01 atomic layer of Ti is covered with about
atomic layers of K.
7-3
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sum of inelastic dephasing and the magnetic scattering
due the Ti impurities. One can easily detect the dram
increase in the width of the magnetoresistance due to th
impurities. These measurements prove that the Ti is magn
cally active on the surface and in the bulk of K.

The experimental results for the Rb host with Ti impu
ties are qualitatively identical with the results for the K-
system. We observe a strong temperature dependence o
initial slope of the Hall resistance which follows a 1/T law.
The nonlinearityDRyx is of the same order of magnitude o
the surface. In the bulk the nonlinearity is strongly reduc
and the Ti causes a similar broadening of the magnetore
tance curves as in the K host.

For the Cs film covered with 0.01 atomic layers of Ti w
again observe qualitatively the same behavior as for th
and Rb films covered with Ti. However, bulk Ti impuritie
behave differently in Cs than in K and Rb. In Cs/Ti/Cs san
wiches the nonlinearity of the Hall resistanceDRyx does not
collapse as for the K and Rb hosts, but it is similar to that
Ti on the surface of Cs. This is shown in Fig. 8 whereDRyx

is plotted as a function of the applied magnetic field. O
recognizes the same pattern as in Fig. 4 for Ti on the sur
of K. It appears that in the Cs host the magnetic state of
Ti impurities survives the coverage with the host better th
in K and Rb.

The Na host on the other hand does not support the m
netic state of the Ti impurities, neither on the surface nor
the bulk. The Ti impurities do not induce a temperature
pendence of the Hall resistance. The Ti impurities cause o
a slight broadening of the magnetoresistance. The ma
toresistance curves for Na, Na/Ti, and Na/Ti/Na are show
Fig. 9. The experimental data are represented by the po
and the full curves are theoretical curves calculated with
theory of weak localization.10,11 They will be discussed be
low.

III. EVALUATION AND DISCUSSION

The electronic structure and the magnetic properties
magnetic impurities in a solid can be very complex. T

FIG. 8. The nonlinear part of the Hall resistanceDRyx

5Ryx(B)2B@Ryx(7 T!/7 T# for a Cs/Ti/Cs sandwich~bulk Ti im-
purities!. The full curves are calculated withJ51, g51.0.
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simplest case is the ‘‘free spin model’’ having a free ma
netic moment with a total angular momentJ and a Lande
factor g, whereJ is a multiple of 1

2. When the 3d electrons
strongly hybridize with the conduction electrons one obta
the resonance model of a magnetic impurity. Its proper
are very complex because at sufficiently low temperatur
forms a nonmagnetic singlet state due to the Kondo eff
Above the Kondo temperature one often uses the mean
solution of the Friedel-Anderson resonance model as
guide.12,13 Further complications can arise from crystal fie
effects~The effect of the crystal field in alkali hosts has be
ruled out by Riegelet al.1!

Since the AHR~and therefore the magnetization! are es-
sentially linear in the magnetic field the magnetic Ti impu
ties are only partially aligned, even in the field of 7 T.~The
Ti impurities are in the low field limit.! As we see below, the
experiments yield for each system two key pieces of inf
mationdRyx/dB andDRm

yx , the ~temperature dependence
the! initial slope and the nonlinearity. Since one paramete
needed to determine the amplitude of the AHR, i.e., the p
portionality constant between the individual moment and
contribution to the AHR, there is only one additional para
eter left to be determined. Therefore in our evaluation we
the ‘‘free spin model’’ of a free magnetic moment. Its pro
erties are described byJ andg whereJ can take the values
1
2 , 1, 3

2, 2,... . It will turn out that our evaluation yields
relatively well determined value for the magnetic moment
future theoretical or numerical structural investigations yie
a different model then it will be relatively easy to transla
the results of our evaluation into such a model.

It should, however, be emphasized that our experime
results yield a strong support for the free moment behav
because of the inverse temperature dependence ofdRyx/dB.

FIG. 9. The magnetoresistance curves of a pure Na film, a N
film with 0.01 atomic layers of Ti on the surface and a sandwich
Na/Ti/Na, where the 0.01 atomic layer of Ti is covered with abo
five atomic layers of Na. The full curves are calculated with t
theory of weak localization.
7-4
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Theoretically the normalized magnetization~and AHR! of
free magnetic moments are given by the Brillouin functio

BJ~x!5
2J11

2J
cothS 2J11

2J
xD2

1

2J
cothS 1

2J
xD ,

where

x5
gJmBB

kBT

andg is the Lande factor,mB the Bohr magneton,J the total
angular momentum, andkB the Boltzmann constant. Fo
small x the Brillouin function can be expanded in powers
x. The linear part is

BJ
~1!~x!5S 1

3

J11

J D x5
g~J11!mBB

3kBT

and the cubic term is

BJ
~3!~x!'2

1

90

~J11!~2J212J11!

J3 x3.

Our maximum field ofB57 @T# corresponds to anx0
value with x05gJmB(7 @T#)/kBT which depends on the
temperature.~The units for T and K are inclosed by squa
brackets to avoid confusion with the temperature!.

For a comparison with our experimental nonlinear
DRyx we have to subtract fromBJ

(3)(x) the linear contribu-
tion (x/x0)BJ

(3)(x0). This yields

DBJ~x!5
1

90

~J11!~2J212J11!

J3 ~x0
2x2x3!.

This function vanishes atx50 andx5x0 as required. It has
its maximum atxm5x0 /). The value at the maximum is

DBJ~xm!5
)

405

~J11!~2J212J11!

J3 x0
3.

The maximum of the nonlinearity atx0 /) corresponds to a
magnetic field ofBm57 @T#/)'4.04 T.

Insertingx0 yields

DBJ~Bm!5
)

405
~J11!~2J212J11!g3 S mB

kB
D 3

~7 @T# !3
1

T3 .

The value of the maximum should vary with temperatu
asT23.

The magnetization and the experimental AHR are b
proportional to the Brillouin function, each with a consta
~temperature and field independent! factor. For the AHR this
means that

RAHE~B,T!5aAHEBJS gJmBB

kBT D .

We define a linear and a nonlinear factorf l and f nl . Both can
be determined experimentally. The two expressions
22440
h
t

f l5T
dRAHE

dB
5aAHE

g~J11!mB

3kB
,

f nl5T3DRAHE~Bm ,T!

5aAHE

)

405
~J11!~2J212J11!g3S mB

kB
D 3

~7 @T# !3

are temperature~and field! independent and therefore con
stant. In the ratio

f nl

f l
5

T3DRAHE~Bm!

T
dRAHE

dB U
B50

5
T3DBJ~xm!

T
dBJ~x!

dx U
x50

dx

dB

the proportionality factoraAHE cancels. We form the ratio o
the two constant~temperature independent! terms

f nl

f l
5

1

90
~J11!~2J212J11!

2)

9
g3S mB

kB
D 3

~7 @T# !3

1

3
~J11!g

mB

kB

5
1

135
)~2J212J11!g2S mB

kB
D 2

~7 @T# !3

5
1

135
)~0.67171!273~2J212J11!g2@T K2#

5~2J212J11!g2~1.9856@T K2# !

'~2J212J11!g22@T K2#,

where the factor 2 @T K2# approximates the value
1

135)(mB /kB)2 (7 @T#)351.9856@T K2#. We obtain a rela-
tion betweenJ andg:

2~2J212J11!g25
f nl

f l
,

g5A f nl / f l

2~2J212J11!
.

A. Amplitude

The amplitude of the AHR can be obtained from the line
expansion of the Brillouin function

T
dRAHE

dB
5aAHE

g~J11!mB

3kB
5 f l ,

aAHE5
3 f l

g~J11!
mB

kB

.

Experimentally for the K/Ti system with the Ti impuritie
on the surface of the K we find that the derivative of t
AHR with respect to temperature is indeed inversely prop
tional to the temperaturedRAHE/dT}1/T, as Fig. 2 demon-
strates. To demonstrate the constancy of the te
7-5
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T3DRAHE(B0) we plot in Fig. 10 the maximum of the non
linear Hall resistanceDRAHE(B0) versus (10/T)3. One ob-
tains a reasonably straight line through the origin. The t
plots give the following values:f nl5T3DRAHE(B0)53.7
3102336.5351.0 @V K3# and f l5T(dRAHE/dB)uB50
'0.13@VK/T#. This yields

g5A 7.7

2~2J212J11!
.

B. Magnetic moments

We obviously obtain for a givenJ a Lande factor and a
magnetic moment. We evaluate the Lande factor, the t
momentm5JgmB and the amplitude of the AHR for hal
integer values ofJ in the range from1

2 to 2. In Table I the
resultingg values and magnetic moments for different valu
of J are collected.

Larger values ofJ yield smaller values forg. For J values
between 1 and 2 the magnetic moment is of the order of
Bohr magneton and depends only weakly on the total ang
momentum. We conclude that our experimental results s
gest a magnetic moment of the Ti impurities of about o
Bohr magneton. The full curves in Fig. 4 are calculated w
J51 andg50.88. If one considers the agreement betwe
the experimental points and the full curves not as perf
one has to keep in mind that the relative deviation is v
small, only 531023.

FIG. 10. The maximum value ofDRyx at different temperatures
for a K film covered with 0.01 atomic layers of Ti as a function
(10/T)3.

TABLE I. The total angular momentum, Lande factor and ma
netic moment of the Ti impurities on the surface of theK film. aAHE

is the saturation amplitude of the anomalous Hall resistance.

J g m aAHE @V#

1/2 1.24 0.62 0.31
1 0.88 0.88 0.33

3/2 0.67 1 0.35
2 0.54 1.08 0.36
22440
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The atomic model predicts for Ti11 impurities with twod
electrons the following values:J52, g5 2

3 , and m5 4
3 mB .

The resonance model of Friedel and Anderson~with sup-
pressed orbital angular momentum! allows for a magnetic
moment between 0 and 2mB and a Lande factor of 2. In this
case the atomic model is in reasonable agreement with
experimental results.

Our experimental results show a well developed nonlin
Hall resistance for Ti on the surface of K, Rb, and Cs. For
within Cs we obtain similar results. For all these systems
perform the above evaluation. They show very similar
sults. Again the moment depends only a little on the cho
of g. In Table II we collect the data forJ51 which yield the
characteristic magnetic moment.

C. The NaÕTi system

In the Na/Ti system we do not observe an AHR.

D. Sign of the anomalous Hall resistance

For all the alkali host with 3d impurities that we investi-
gated so far the sign of the AHR was negative. This includ
Cs/Fe, Cs/Co, K/Fe, K/Co, K/V, Rb/Fe, Rb/Co, Na/Fe, N
Co, and Na/V. Only in the Na/Ni system there was no AH
at all, not even a dephasing of weak localization. In contr
we observe for Cs/Ti, Rb/Ti, and K/Ti a positive AHR.

E. Ti inside of K and Rb films

As a comparison between surface and bulk effects, Fig
and 5 show that the nonlinearity of the Hall resistanceDRyx

strongly reduces when the Ti impurities on the surface o
are covered with additional K. Our interpretation of Fig. 5
that the nonlinear part of the anomalous Hall resistance
reduced by a factor 10 or more and is therefore no lon
much larger than the nonlinear part of the Hall resistance
the pure K~which is reduced by about 25% due to the i
crease of the thickness!. What we see in Fig. 5 is the supe
position of the~reduced! DRyx of Fig. 1 and a much smalle
nonlinear AHR. The reduction of the latter can only be es
mated; it is reduced by a factor of about 10 to 20. This me
that the Lande factor and therefore the magnetic momen
the Ti is reduced by roughly a factor of 4. This may not
the only possible interpretation of the experimental obser
tion but it appears to be the most natural one.

-

TABLE II. For J51 the Lande factorg, the magnetic momen
m, and the amplitude of the AHR are calculated from linear a
nonlinear behavior,f l and f nl , of the AHR.

K/Ti Rb/Ti Cs/Ti Cs/Ti/Cs

g 0.88 0.74 1.1 1
m/mB 0.88 0.74 1.1 1
amp ~V! 0.67 0.65 0.57 0.16
f l @V K/T# 0.13 0.217 0.28 0.0707
f nl @V K3# 1.0 1.3 3.4 0.7
7-6
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IV. CONCLUSIONS

The properties of Ti impurities on the surface and in t
bulk of Na, K, Rb, and Cs films are investigated by means
the anomalous Hall effect and the magneto-resistance.
AHR is proportional to the magnetization of the Ti impuritie
perpendicular to the film surface. Ti impurities on the surfa
and in the bulk of K, Rb, and Cs films possess a free m
netic moment as demonstrated by the inverse tempera
dependence of the initial slope of the anomalous Hall re
tance. Ti on the surface and in the bulk of Na films does
possess a magnetic moment but does show a small deph
of weak localization. The latter is probably due to spin flu
tuations. From the nonlinearity of the~anomalous! Hall ef-
fect we obtain an estimate of the size of the magnetic m
ment. Within the ‘‘free spin model’’ of magnetic moments w
obtain about one Bohr magneton for Ti impurities on t
surface of K, Rb, and Cs and for Ti impurities in the bulk
Cs. In the hosts of K and Rb the~bulk! Ti impurities produce
a much smaller nonlinearity of the AHR. We interpret th
difference as a reduction of the Ti moment by roughly
factor of 4.

This behavior of Ti impurities on the surface and in t
bulk of alkali films is another example that the electronic a
magnetic properties of 3d impurities are not the same on th
surface and in the bulk of a host. For K films with V impu
rities we observed a similar behavior. It shows that one
to be careful in extrapolating from the surface to the b
behavior.

If these experiments had been the first measurements
3d impurity in alkali hosts then the observed momen
would be essentially in line with our expectations. Ti imp
rities have no moment in the noble metal hosts.14 Since the
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electron density is reduced in the alkali hosts this could
plain the finite moment for the K, Rb, and Cs hosts. T
observation of two rather different moments on the surfa
and in the bulk of K and Rb might be somewhat unusual
not out of line. The fact that a magnetic moment forms eas
on the surface than in the bulk is well established.15,16 The
increased tendency toward magnetism in going from Na
Cs is confirmed. However, the properties of the Ti impurit
in the alkali hosts differ quite dramatically from those
other 3d impurities. For V, Fe, and Co impurities we ob
served in the past magnetic moments of 6mB or more. For Ni
in Cs, Rb, and K the evaluated moments were of the orde
3 – 4mB . ~The only exception was Ni on the surface and
the bulk of Na which was nonmagnetic.! Therefore the Ti
results are now rather an exception than the rule.

Another significant difference between the Ti impuriti
and V, Fe, Co, and Ni in the systems which have been inv
tigated so far is that the sign of the anomalous Hall resista
is different. Ti impurities yield a positive AHR. This repre
sents an important clue about the electronic structure of
3d impurities in the alkali hosts. Unfortunately our micro
scopic understanding of the electronic and transport pro
ties of alkali hosts with 3d impurities is not yet sufficiently
developed to extract this information.

Our results add to the theoretical challenge. At the pres
time the theoretical and numerical calculations cannot
plain this diverse magnetic behavior of 3d impurities in the
alkali hosts.
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