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For ErRh4B4, owing to the critical spin fluctuations just above T (>TCZ), the crltlc?l tempera-
ture at which surface ferromagnetism appears, tthe reciprocal pene ration depth, A-1, decreases

smoothly .ssT decreases toward T5. For Er 5Ho0.5Rh4B4, the decrease In A-’ for T> TC2 is

?’very small, andA-l decreases abruptly at C2.

ErRh4B4 has been investigated intensively

It become; superconductingat ~cl = 8.7 K and

reenters the normal state at I“C2 z 0,8 K,

The persistent current screens the long-wave

corrFonentsof the exch~nge interaction between

rare eart,lmagnetic moments, giving rise to the

Onset.of a spin-periodic phase at T (>TC2).(1,2)

Ilowcver,due to the reduction of th~ persistent

c~rrent screening in tne t?eiqhborhoo<of the

s!mple surface, it has been shown th~oretically

(3) that uniform Ferromjgnetismwithin a mag-

netic penetration deptn of the surface appears

below Ts (>TC2), In view of the fact

that microwaves sample a vclume near a surface

determined by the penetration depth, A, they

would be expected to provide a useful ol”obein

the search for this surface ‘ferromagnetic

state,
We have employed a microwave spectrometer

with a sample (’~0.5mm x%2 mm XN6 mm) glued

to one side of a rectangular TEIO”icavity

operated at~9.3 GHz, The temperature depend-

ence of A changes the offectlv~ size of the

cavity, and, hence, gives rise to the shift of

the ‘esonancc frequency of thr cavity, allowing
A to be obtained simply by Maasu}”ingthe fre-

quency shift of the cavity, (4) Our system is

stable enough to measure a frequency shift as

small as N50 Ilz,which cnablus us to measure
A to an accuracy CF a fcwJ , In addition to

[rllh11~,for comparison, we have also invest!-

Uatc! Ir” FJIo”bRh~lJ~(Tcl m 7,35 K), becnuse

only Its I’lomagnetic moments order fcrromagnc-

clcally ot 1 z (2,70 K)(5,6) with n mcan-

flclrltypr ot transition. Figures 1 and 2 show

our rcsults, The effects of the

al)tcnccof ~pin fluctuations in Er 5110 5Rh~U4

!’ ?’is clearly dlsplayod by the sharp trop n

A-l al lc~, inrlic~tingthot,T < T. ,

Thr flraduflldccrueso of A ‘~ In Erill~U4a<

r ($ drcrvfisrrltoword TC2 is onsistr!nt wfth the

pr[idlclian tilotTc~ < 1,,~ Ts. In a

Imn-mo!jllotic supurconductot’the Irf((:1

Impedance may be expressed as a simple relation

involving the London penetration depth. (7)

However, this formula is no longer valid in a

magnetic superconductor owing to the effect of

the spin fluctuations. FOP our calculation,

we consider a semi-infinite superconductor

filllfigthe half-space z>O, with a surface

atz=U. From the deflniti~n of the surface

impcriance,we define the effective penetration

depth as (7)

m

A(w)= Re
J

dz b(w;z)/h(w;O) ,

0

where b and h are the amplitl!desof B and H,

respectively.

By assuming that the effects of the pair

breaking associated with the spin fluctuations

and the polarization of the superconducting

elcctrols induced through the ‘-f interaction

are negligible, the London peneL.rationdepth

AL(T) may be computed using the standard

DCS fotmula. Utillzfng the Maxwell equations,

we obtain in the pavama netic state

?A(w) = Rn F/G) (1)
where

1’●AL(T)[m#.(a+ +a. +;IAL(T) +IIIJAL(T)]

Gmrl[r12+a@. +m?+lIAl(T;(a+ +a-) -n]

c!?’:?:+a::ijfA ~~;;;f:i:oy);;;Cod’#{2) /2d,

itiwhichn= 1 .
!

c= T/Tm- 1, Co ■ 4nC/Tm and’y ■ UT/4!.

T,,,is the normal st~te Curie temperature,C the

Curie constant, and D thu stiffness constant.

Near T A(0)N (TT-TS)-l.

In ?i

Y

I wc present the thoors!ticalvalues

for the nverse of the characteristic Ien th

!A(w) (solidcurvc) calculated fromEq, (1 for

ErlUl~Nqtogother wltllthe t?xpcrimcntalvalues

(circles). Th@ ohysical parameters used arc



Tm = 1.0 K, do = 0.2529 x 10-2, and Tp=

0,85 K. This gives a value for AL(0) = 908A.

We also present the result of the static limit

(dash-dottedcurve) using a non-local kernel

(3,8) together with the parametersKB = 4,

d~ = 0.4254 X 10-2 and AL(0) = 749A.

The dashed curve is the BCS A-l(T)

with the parameter choice AL(0) ❑ 1184A. We

note that the effect of the spin fluctuations,

as evidenced by tiledepartlJreOF the data from

the BCS fitting, is quite pronounced, particu-

larly at low temperatures.
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FiJ, 1. Penetration depth A(w) for ErRh4B4,

In Fig. 2 the experimental data of A-l(~ti)

for ErO Ho0,5Rh4B4 are presented

‘7(circles together with the RCS A-l(T)

(dashc~ :m:e~ with the parameter choice

(“
k~o) The experimental
A- ~) shows a mild dcviat{on from the

LICSresult above TC2 and a discontinuous

jump to its normal value at T ❑ T 7,

indicating that there 1s no additional

magnetic transition above TCZ

(’,e,, Ts< Tc?), C is given by

the !ncanvalue of the values obtained in the Er

and Ilocase. The theory (solid curve) ylclds

d ● 1,0, ~ Ich is v~ry large, indicating

t~at T fs

i’

II below Tcp. Fur compari-

son, tlc tlljorctic~lcurve for-y ❑ O (ilc.
w u L))is also presented, and shows a small

decrea%~ at lower temperature duc to the

Fluct(ldtiutl Cffutt. Therefore, the pruscnt

aIIalysissugycsts thdt the ripparontsu~-
1prrssfon of the spin fluctuations in tlo super-

conducting stflt?is duo t.oT$ <~Tc2

and tilsoto the cffoct 01 thr spin rrlaxatinn

time,

1
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Fig. 2. Penetration depth A(w)for

Ert!,lloc5Rh4B4.

In summary, the effect of the spin fluctu-

ations can play an importan’ role in determin-

ing the surface impedance in magnetic super-

conductors. In particular, the surface imped-

ance of ErPb4B4 clearly manifests the

effect of the critical fluctuations in the

surface mangetization around TCZ. The sur-

face impedance of ErOo5HoOm5Rh@4 exhibits a

rather smooth dependence on the temperature

down to TCZ, where it changes abruptly due

to the first order magnetic ‘ransistion, indi.

eating the suppression of the spin fluctua-

tions in the superconducting state.
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