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Interplay of Nuclear Magnetism and Superconductivity in Auln
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We report on a new type of magnetic superconductor investigated by susceptibility measurements
of Auln, at 25 uK = T = 207 mK and 0.0l mT = B = 2.00 mT. These experiments have been
performed to study the interplay betweanclear ferromagnetism and type-l superconductivity. We
observe a decrease of the critical fieg8d and a broadening of the superconducting transition of the
type-I superconductor Auln[7,(B = 0) = 207 mK] caused by thecoexistingnuclear ferromagnetic
state starting a. = 37 uK. This is the first study on the interplay of nuclear magnetism and
superconductivity. [S0031-9007(97)02378-8]

PACS numbers: 74.25.Ha, 75.40.Gb

Studies on the interplay between magnetism and sushow for the first time the coexistence of nuclear ferro-
perconductivity during the past decades have led to amagnetism and superconductivity, and, more generally,
understanding of many effects associated with the interaawve find that Auln is the first type-I superconductor where
tion of these two phenomena. Most of these studies wereoexistence with magnetic ordering occurs. We observe
concerned with the coexistence of antiferromagnetism and strong decrease of the critical fieR, of the super-
superconductivity, whereas the coexistence of long-rangeonducting state and a broadening of this transition at
ferromagnetism and superconductivity has never been olbemperatures below the onset of nuclear ferromagnetic or-
served [1,2]. The destruction of superconductivity at adering of In in Auln,. B remains finite and approxi-
critical temperaturd’y, due to the onset of electronic fer- mately constant in the nuclear ferromagnetic regime in the
romagnetism below the temperaturg, where supercon- investigated temperature and nuclear polarization ranges.
ductivity appears, was discovered in EfBh [3] and The experimental setup mounted in a copper nuclear re-
HoMogSg [4]. For these materials it was found that os-frigerator [10] and the sample preparation are described in
cillatory magnetic order can coexist with superconduc-detail in our previous publications [8]. The high-purity
tivity in a very narrow temperature range just abdye  Auln, single crystal of Cak structure contains less than
[1,2]. For HoMosSe; it was observed that supercon- 1 ppm electronic magnetic impurities and has a residual
ductivity may coexist with an oscillatory magnetic stateresistivity ratio of 550 [8]. The 8.33 mmol cylindrical
with ferromagnetic tendency down to lowest temperaturesample (5.0 mm diam, 17.2 mm length) was mounted in
[5]. However, it was not possible until now to investi- a calorimetric setup located inside of a mutual inductance
gate the interplay ofiuclearmagnetic ordering and super- coil pair [8]. Inductance changes on a coarse scale are
conductivity, because until recently spontaneous nuclearsed to sense the transition from the normal state to super-
magnetic ordering in metals had been reported only foconductivity. On a high sensitive scale they are used to
the nonsuperconducting metals Ag, Cu [6], PgCRrNis,  measure the nuclear ac susceptibility. The nuclear refrig-
and Pi_,Y,Nis [7]. Recently, we have reported on the erator precools the sample in 115 mT to 8&. The mag-
observation of nuclear ferromagnetic ordering of In nu-netic field is applied parallel to theaxis of the cylindrical
clei in Auln, at T. = 35 uK [8]. This compound is crystal. For an identically treated reference sample of the
a type-l superconductor witliy(B = 0) = 207 mK and  same batch it was found by neutron diffraction that zhe
B,(T = 0) = 1.45mT [8,9]. The nuclear magnetic or- axis is identical with its [111] direction. The calorimet-
dering is caused by dominantly ferromagnetic indirect ex+ic design of the experiment allows a thermal decoupling
change interaction of RKKY type between the nuclearof the sample to demagnetize to a chosen magnetic field
magnetic momentg(In) = 5.50 u,. The good thermal in the nuclear magnetically ordered state. The tempera-
coupling of these nuclear magnetic moments to the corture difference between the sample and the pulsed Pt wire
duction electrons (Korringa constart= 0.11 Ksec) en- NMR thermometer on it is at most 20% at lowest tem-
abled measurements of nuclear specific heat, nuclear geratures and decreases rapidly with increasing tempera-
susceptibility, and nuclear magnetic resonance in thermdure. After precooling, we thermally isolated the sample
equilibrium to7™ = T = 30 uK [8]. All these mea- from the nuclear refrigerator and finally demagnetized it to
surements were performed in static fieBls= 2.00 mTto  a minimum temperature of 26K from where we started
suppress the superconducting state of Auln the warm-up stepwise. The normal to superconducting

In the present work we investigate the field rangetransition of Auln, was determined before each tempera-
B = 2.00 mT to study the interplay between nuclear fer-ture step by driving the magnetic field frolm= 2.00 mT
romagnetism and superconductivity in Agln Our data to zero and watching the ac susceptibility. Before further
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increasing the temperature, the field was driven back tals, superconductivity and electronic magnetic order of
2.00 mT. B, was defined as the field value where 50% ofoscillatory type coexist only in the narrow temperature
the normal to superconducting transition is passed. rangesT; = 0.75 < T < T. = 0.9 K for ErRh,B, [11]

The critical field measured @00 uK < 7 = 207 mK andTy, = 0.65 < T < T, = 0.75 K for HOM0¢Sg [12],
agrees well with the BCS equationB,(T) =  respectively.
1.45mT[1 — (T/207 mK)?] with known parameters  The superconducting transition in the magnetically or-
of Auln, (see Fig. 1). A2 = T =< 200 wK the critical  dered state is strongly broadened compared to its width in
field decreases slightly with decreasing temperature to the paramagnetic state. In the insets of Fig. 2 we show
value B,(42 uK) = 1.41 mT. However, decreasing the typical susceptibility versus magnetic field curves of the
temperature further from 42 to 35K, the critical field transition in the nuclear paramagnetic and ferromagnetic
is strongly reduced fronB, (42 uK) = 1.41 mT in the regions, respectively. Fdf > (37 *+ 1) uK the transi-
nuclear paramagnetic phase B (35 uK) = 0.95mT  tion width is too small to be detectable with the used
in the nuclear ferromagnetic phase (see Figs. 1 anfield steps of 5uT. Below T = (37 = 1) uK the tran-
2). A further decrease of the temperature to 2%  sition is broadened to a value ¢.20 = 0.03) mT, us-
reducesB; only weakly to an approximately constant ing the 90%—-10% criterion. The change from a sharp
value B;(25 uK) = 0.87 mT. This means that the to a broadened transition takes place in a narrow tem-
main part of the drop of the critical field takes place perature interval of about &K around7. = 37 uK. In
between T.(ymax) = 42 uK, where the maximum of comparison withT.(Cp.x) andT.(ymax) this characteris-
nuclear ac susceptibility occurs afd(Cnax) = 35 uK,  tic temperature with its small error bar may define the
where the maximum of the nuclear magnetic specifimuclear magnetic ordering temperature more exactly. Fur-
heat occurs [8]. The valuel.(ymax) = 42 uK for  thermore, from the calibration of our susceptometer we
1.43 = B = 2.00 mT (see Fig. 1) agrees with our former know that atl” < 37 uK the sample is still fully diamag-
results [8]. The finite and approximately temperaturenetic, y = —1 at B = 0, in the superconducting state.
independenB; atT = 30 wK could be interpreted as an This means that superconductivity occurs in the whole
appearance of a new stable coexistence region of nucleaample even in the ferromagnetic state.
ferromagnetism and superconductivity. This result is Each of our many measurements of the temperature
in contrast to the observations made for the electronidependent critical field was performed during a warm-up
ferromagnetic type-ll superconductors EgBh and
HoMogSg, where superconductivity vanishes near the
onset of electronic ferromagnetic ordering, as indicated
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FIG. 1. Ciitical field B, of the superconducting transition of of Auln, as a function of temperature. The solid line
Auln, (closed squares) as a function of temperature. Theepresents the critical field, = 1.45 mT. The dotted line
solid line represents the8,(T) behavior according to BCS indicates the nuclear ferromagnetic phase transition obtained
theory. The dash-dotted line is the fit of the data7at from the broadening of the superconducting transition,=

42 uK as discussed in the text. The dotted line indicates(37 = 1) uK (see text). The error bar oB; is =0.03 mT

the change from sharp superconducting transitioas, < at T <37 uK. For T > 37 uK the error bar is<5 uT.

5 uT) to broadened transition@\B, = 0.2 mT) (see Fig. 2). Insets (a) and (b) show typical susceptibility versus magnetic
The open circles indicate the temperaturBS ym.x) of the field curves of the superconducting transition in the nuclear
maximum of the nuclear magnetic susceptibility The inset ferromagnetic and paramagnetic regimes, respectively. For
shows the calculationdAB, « M for T < 42 uK [dotted line  comparison, the “critical” temperatures where the nuclear heat
for B,(T = 0) =0.87 mT and solid line forB (T =0) = capacity and the nuclear magnetic susceptibility, respectively,
0.44 mT], see text. show their maxima are indicated on top.
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starting after demagnetizing the sample starting fromwould lead to a macroscopic net spontaneous magnetiza-
different precooling conditions. According to these pre-tion of the nuclear ferromagnetic system which increases

cooling conditions of0 = B = 115 mT andT = 80 wK  with increasing polarization in the paramagnetic state. Let

before demagnetizing the sample, entropy reductionss note that hints for the appearance of domains were al-
ASprec/S- Up to 29% were obtained, = 2RIn(2/ + 1)  ready discussed by us [8].

with 7 = 3, the high temperature entropy of the nuclear The  calculated saturation — magnetization — of
spin system]. These precooling entropy reductions arghe€ nuclear spin system in Aulnis uoMo=
almost conserved during demagnetization because theoNoitngnl/Vmor =101 mT at T=0K, which is
increase of the entropy of the sample is only a few percerimaller than B(T < T;)=145mT. Assuming that
[8]. Some representativé,(T) curves with different the reduction of B; is only due to the saturation
ASprec/S= values are shown in Fig. 3. Far > 42 uK magnetization (see below), it follows that the maxi-
the critical field is independent from the precoolingmum available reduction should be 1.01 mT and therefore
conditions. But below this temperature, the reductionBsmin = Bs(T < T;) — uoMy=0.44 mT. Hence a full

of B, seems to be the stronger the larger the entropgpuppression of superconductivity seems to be impossible
reduction was. B,(T) approaches constant minimum €ven at lowest temperatures. This might explain the
values of 0.87 mT = B, in = 1.25 mT depending on absence of complete destruction of superconductivity by

the precooling conditions. The maximum reductionnuclear magnetic order. On the other hand, the above
ABgmax = 1.45mT — By nin Seems to be proportional mentioned possibility of complete destruction of supercon-
to the reduction of nuclear entropy and to the square ofluctivity atAS,../S- = 70% (corresponding to a nuclear
the nuclear polarization (see inset of Fig. 3). AssumingPolarization Pprec = Mprec/Mo=93%) contradicts this
this dependence @SB, s ON ASprec/S= to be valid also conclusion. Unfortunately, we cannot clarify this question
at higher entropy reductions, one would expect the fulWwith our data at present.
depression oB, after an entropy reduction of 70%. This There are two phenomena, electromagnetic and ex-
would yield reentrant superconductivity. change interactions, which are responsible for the in-
The observed dependendeB, ...« on the precooling terplay of superconductivity and magnetism. Both are
conditions could be qualitatively explained if domains oc-interactions between the magnetic moments (or an ap-
cur in the nuclear ferromagnetic phase. The polarizatioflied field) on one side and the momentum and spin
of the nuclear spin system in the paramagnetic region duef the conduction electrons on the other side [1,2]. In
to an external magnetic field possibly gives rise to thd10MoeSg the electromagnetic interaction between the
growth of those domains magnetized parallel to the apconduction electrons and the magnetization of the mag-

plied field when the ferromagnetic state is entered. Thigietic HO'* dominates the suppression of the critical field,
whereas in ErR}B, the destruction of superconductiv-

ity is mainly caused by exchange interactions between
the magnetic B ions [1,2]. From the multiple pair-

b BB : ' o ' _ breaking theory of Fulde and Maki [13] the upper critical
144 o‘f ] field of a type-ll superconductdB;, influenced by elec-
134 Ky )l tronic magnetism can be describedRs(T) = B, (T) —

N AB(T) = By(T) — uoM(By», T) in the case of negli-
= 127 A%%(' 50'6 gible exchange interaction and therefore dominating elec-
E 111 & gt M & tromagnetic induction;,(T) is the upper critical field
e’ o o %%l Hoo . in the absence of magnetic influenc¥,(B;,, T) is the

Loy g : ook magnetization. Ginzburg [14] considered this situation al-

0.9- L A T ready in 1957 for type-l superconductivity influenced by

' ] the magnetization of magnetic ions. In order to deter-

0'820 30 40 50 60 70 mine the possible origin of the reduction of the (type-
Temperature [pK] 1) superconducting critical fieldB;, of Auln, we took

B, = By, and the spontaneous saturation magnetization of

FIG. 3. Critical field B, of the superconducting transition the nuclear ferromagne¥ (T) = MoB(a) = M (B, T)

of Auln, as a function of temperature of four representative. . R .
measurements with the precooling conditions,e./S.. — N the equation of Fulde and Maki with the Brillouin

16%, 24%, 22%, and 29%, resulting iB,., = 1.10mT  function B(@), a = uB;(M(T))/IkpT and the interac-
(open triangles), 1.04 mT (open circles), 0.97 mT (crossestion field B;(M(T)) given in [15] and calculated,(T)
and 0.87 mT (closed squares), respectively. The solid lindor 7 < 42 uK. However, taking as parameter either
represents the critical fiel&#, = 1.45 mT. The insets show BT =0) = Bymin = 0.87 mT from the experimental

the reductionAB, m.x = Bs — Bymin @S a function of entropy . _ - o
reduction AS,./S. and polarizationP,.. = My../M, after results (see Fig. 1) aBy(T = 0) = 1.45 mT — poMy =

precooling. The dotted lines in the insets indicate the behaviop-44 mT from the saturation magnetization, both simula-
ABjmax % ASprec/S and AB, max = P2, respectively. tions with AB; o« M deviate clearly from the measured

prec?
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reduction of the critical field (see inset of Fig. 1). Ob- preparation of the sample by M. Beyss (KFA Jilich). Fur-
viously, other effects which might be responsible for thether, we thank Dr. R. Kdnig, Dr. P. Smeibidl, K. Swieca,
reduction ofB; have to be considered too. For example,and Dr. W. Wendler for their contributions to the experi-
in the case of negligible electromagnetic interaction andnent. This work was supported by the DFG through
dominating effective exchange field; « woM(B»,T), Graduiertenkolleg Po 88/13 and the BMBF through Ver-
the critical field B,»(T) = B, (T) — constx H7(M,T),  bundprojekt PO 04.04K.
and thereforeB,(T) = B,,(T) — constX uoM?(Byy, T)
[13]. Nevertheless, the equatianB, = woMoB(a) de-
scribes the slight decrease®f at42 = T < 200 uK in
a field of about 1.45 mT (see Fig. 1).
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