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Magnetism of V, Mo, and Co surface impurities on Pb measured by their pair-breaking effect
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Thin films of Pb are covereth situ with submonolayers of V, Mo, and Co in the range between 0.01 and
1 monolayers. If the surface impurities are magnetic they will reduce the superconducting transition tempera-
ture of the Pb film. From the reduction @f the magnetic dephasing rate of the surface impurities dnd
their magnetic cross sectiang are calculated. We find that single V surface impurities are magnetic, while
single Mo and Co impurities are nonmagnetic. Co surface clusters are magg6tié3-18208)05305-3

If one covers the surface of a nonmagnetic metal with awith 1/7 being the magnetic-scattering rate. The dephasing
monolayer of a nonmagnetic transition metal one has aate of the Cooper pairs is twice the magnetic-scattering rate
chance to observe magnetic moments in the transition-metalr,= 2/7;.
atoms. This has been predicted in a number of theoretical If we have a thin superconducting film with the magnetic
papers:— Most intensively studied are monolayers ofl 4 impurities on one side of the film, then one can still use Egs.
metals on the surface of noble metals. Unfortunately there i§l) and (2) as long as the coherence lengthof the super-
not yet an agreement with the experimental results on thessonductor at the temperature of the redudeds large com-
system<® More recently the numerical calculations have pared with the film thickness, i.e£>2d/ . However, if one
been extended to the magnetic properties of single transitiorincreases the concentration of the magnetic impurities on the
metal atoms on the surface of noble met&fsshowing an  (uppeb surface of the film then the order parameter on this
enhanced tendency towards a magnetic moment. Experimeside of the film will be reduced and, in the limit of infinite
tally we observed fully magnetic V and Mo atoms on thepair breaking, the gap parametdrnz) or the Ginzburg-
surface of Aut"*2Both, V and Mo are nonmagnetic in their Landau wave functions(z) (not to be confused with the
bulk state. In these investigations we used the method afigamma function?) takes the form cog(¢) with d/ &= /2
weak localization as a tool to detect the magnetic charactg(z is the direction perpendicular to the filmrherefore one
of the transition-metal atoms. In this paper we have twocan determine the maximum reduction Bf by magnetic
goals. One is to extend the investigation to systems whergnpurities on one surface by the implicit condition
the substrate is polyvalent. A large number of polyvalent
metals are superconducting. Our second goal is to show that &(Te)=md/2.

the superconductivity itself, such as the superconducting
transition temperature, can be used to detect the magnetjc 1he temperature dependence of the coherence length can
character of the transition-metal atoms on the surface of thB® experimentally determined by the upper magnetic field
superconductor. We use Pb as the substrate and superimpd@Pendicular to the surface of the filk, according to the
it with three different transition-metal atoms, V, Mo, and Co. condition
Magnetic impurities in superconductors were intensively 028 —
studied in the 1950's and 1960(see, for example, the re- 7€ B2 = Do,
view by Maki™®). They reduce the transition temperature duewhered,=h/2e is the superconducting flux quantum.
to their pair-breaking effect. If the impurities are homoge-  Our film samples are prepared ly situ condensation
neously distributed in the superconductor then the reductioanto a quartz substrate at liquid-helium temperature. In a
of the transition temperature is given by typical experiment a Pb film with a thickness of about 45
atomic layers and a resistance per square of about(180
condensed onto a quartz substrate. The vacuum is better than
_q,(f) 1) 10~ torr. After the condensation the Pb film is annealed to
2)’ about 40 K. The superconducting transition curve of the Pb
film is measured. In addition we apply different magnetic

whereT,, is the transition temperature of the superconducto}cltalds up 3 T perpendicular to the film. From the reduced

) . . . o transition temperaturéwe take theT. at half the residual
without the magnetic |mpur|t|es'!jc is the rgduceq.trans[tlon resistancg we obtain the coherence length of the Pb as a
temperature due to the magnetism of the impurities, \Brid

; : . . : function of temperature.
the digamma function. The parameieis the pair-breaking In the followli?"lg evaporation steps the V, Mo, or Co im-
parameter which is given by S

purities are condensed on top of the Pb film. Generally we
start with 1/100 of an atomic layer and increase the thickness

L,
>tp

c

A 4 by roughly a factor of 2 in each evaporation step. Each time
p= = , (2)  the transition curve is measured in different perpendicular
2mkgTrs 4mkgTT, magnetic fields. In Fig. 1 the superconducting transition
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FIG. 1. The superconducting transition curves for a Pb film with )
increasing coverage of V. The V coverage is 0, 0.01, 0.02, 0.04, 0.1,
0.2, 0.4, and 1.0 atomic layetBom right to leff. 167
curves are plotted for increasing V coverage. The Pb film has ,,2 1 ,2 1-2]
. . 10 ~Keo Pb/Mo
a thickness of 17.0 nm and a resistance per square of(®7.6 4
The coverages are given in the figure caption. The transitior 0.8
temperature of the thin Pb film is 6.95 K compared with 7.2
K for pure bulk Pb. It has been known for a long time that 0.4-
thin superconducting films with a high resistance per square
have a somewhat lower. than the bulk materialsee, for 0

example, Ref. 14 0 02 04 08 08 1 1.2
In Fig. 2 the(reducedl transition temperature is plotted as
a function of the coverage with the differedtimpurities.
The coverage is measured in units of atomic layers. The inse 10 ©
in Fig. 2 shows theT, dependence for small impurity
coverage. The three curves show quite a different behavior. 81
Vanadium The T, reduction due to V is linear for small Pb/Co
V coverage with a relatively large slope. With increasing 61
coverage the slope reduces considerably reducing the pailﬂ)zlkzc
breaking effect per V atom. 4z F
Molybdenum The initial slope ofT is rather flat and the
total reduction is much smaller than for V.
Cobalt For small Co coverage thg; dependence looks
close to the quadratic orialthough the effect is too small to
prove it quantitatively. With increasing Co coverages the % 0.05 01 0.15 0.2 0.25
slope increases strongly and reaches a constant value . )
roughly 0.1 atomic layers. atomic layers
We restrict the following evaluation to the temperature ) » ) 5
rangeT>6 K. In this range the coherence length fulfills the  F!G. 3. The magnetic cross sectiéin units of 4a/k) for (2)

condition&>2d/ 7 [ £> £(6 K)=15 nm, 20/ = 10.8 nn. In \C/(,Jv(ebr)ag/leo, and(c) Co on the surface of Pb as a function of the

7

Mo this range Eqgs(l) and(2) can be used for the evaluation of
the pair-breaking parameterand the dephasing rater}y.

6.5 If we measure the thickness of the Pb film and the coverages
T,(K) of the impurities in units of monolayers then ttmilk) con-
64 centrationcy of thed impurities is given by

Mo
Co d d

9 Ca= 2By (15"
Co v Qg dppQpp
5 88y 0.025 005
0 02 04 06 08 1 12 wheredy is the impurity coverage in atomic layety, is the

Pb thickness in atomic layerf, is the atomic volume of the

magnetic impurity, and)pq is the atomic volume of the Pb
FIG. 2. The reduced transition temperatilieas a function of  host. Finally we obtain the magnetic-scattering cross section

the impurity coveragéin atomic layers of V, Mo, and Co. os=1/(cqueTs). In Figs. 38)—3(c) we have plotted the mag-

atomic layers
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netic cross section as a function of the transition-metal covin superconductors because other effects such as the
erage. The magnetic cross section is given in unitsm‘ﬁé Azlamazov-Larkin fluctuations and the Maki-Thompson ef-
so that it is dimensionless. For single surface impurities of \fect are superimposed. Therefore the two methods comple-
the cross section iesk§/47r=0.17. It decreases by an order ment each other nicely. So far we have focused our investi-
of magnitude for a monolayer of V on Pb. The value for gations with weak localization on noble-metal surfaces.
single V surface impurities on Pb is quite similar to the valuePolyvalent metal surfaces have a stronger tendency to sup-
of 0.15 which we observed for V surface impurities on Au. press magnetism than the noble-metal surfaces. For example,
For Mo surface impurities the magnetic cross section isa monolayer of Ni on Cu is ferromagnetit!’ while it is
by an order of magnitude, smaller than for V. Furthermorenonmagnetic on metallic BiRef. 18 or Mg. It would be
the magnetic cross section decreases for very small covefnore appropriate to compare oil, method on Pb with
ages (0.01 atomic layens The dephasing is most likely \yeak-localization measurements on a polyvalent substrate.
maximal for pairs of Mo. Even the pairs do not have a full \ye performed preliminary weak-localization experiments on
magnetic moment but only fluctuating moments. In singleyg fiims with the surface impurities of V and Co. We found
Mo surface impurities théfluctuating moment is still fur- ¢ single V impurities on Mg are magnetic, while single Co

ther suppressed. . . __impurities are not. This agrees nicely with our present results
For Co surface impurities the magnetic cross section iy pp.
(within the accuracy of the measuremyirtear at small cov- There is another reason why a comparison between the

erages and therefore single Co surface impurities are noRnethods off, reduction and weak localization is interesting.
magnetic. However, the magnetic-scattering cross section ifrpe diagrams for the dephasing, i.e., the pair breaking, are
creases with increasing coverage which indicates thghentical. However, weak localization is a single-particle
clusters are magnetic. It reaches a constant value of abOHFoperty, while superconducting pair breaking involves two
0.06 for_coverages above 0.1 atomic Iayers. We_comp_a_lre thﬁime-reverse}i electrons. During the 1960’s one observed
result with the one for Co on A%P._Here single Co impurities  g_ca|ledpair weakeningn superconductors withdtand 5
were magnetic with the magnetic cross section of 0.085.  jypyrities. One suggested cause was that the Coulomb repul-
Our experiments prove that the reductionTofin small  gion petween the two electrons of a Cooper pair at the site of
superconducting films can be used to investigate the magpe impurity was responsible for the wedik reduction. Our
netic character of surface impurities. Our group investigategyeak-localization experiments observed fluctuating moments
in rec.e_nt years the magnetic properties Of,.gd, and o for d surface impuritiegon Au). If those are also present in
impurities on the surface of noble-metal films. There wep ik superconductors they might provide an alternative ex-
used the method of weak localization. This method has seVsjanation for the pair weakening. Therefore a comparison
eral advantages compared with figreduction:(a) it is by petween the two methods might add to our understanding
a factor of 100 more sensitive aifb) it permits a measure-  ¢oncerning the role off impurities in superconductivity.
ment of thepair-breaking parameter as a function of the
temperature(while the T, reduction yields only the pair The research was supported by NSF Grant No. DMR-
breaking afl.). But weak localization is much less effective 9215486.
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