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60439,

S. Foner, Francis Bitter National Magret Laboratory and Department of
Physics, MIT, Cambridge, MA 02139,
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ABSTRACT:

A variety of ambient and high pressure experimental results reveal

the interplay between magnetism and superconductivity in Ho doped
samples of the pressure induced superconductor, EuMo.S,. Ho concen-
trations up to 50 atomic percent of the rare earth ions were used.
High resolution magnetic measuremsnts are consistent with the crys-
talline electric - field ground state for the Ho3t ions being a magnetic
doublet consisting largely of J,=18. The results of high pressure
magnetization experiments reveal negligible effects of reduced lattice
constant on the rare earth-rare earth interactions. Resistivity in

a 10 atomic percent sample for P=10 kbar shows the suppression of a
P=0 structural transitionm, metallic conductivity down to low tem~
peratures, and finally superconductivity at 8 K. The upper critical
field, H o(T), for this sample was measured for P=7, 10 and 12 kbar
and showed strong reentrant behavior (dch(T)/dT>0 as 0 K). A
minimum with field in the resistivity above H, o was also observed at
lowest temperatures. The H_.(T) data are ccmpared with those of
EuMogSg .at high pressure, wﬁ%ch shows positive curvature, and H°M°6ss'
in which superconductivity is quenched by ferromagnetism at low tem-

peratures,
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The superconductivity of pure EuMoﬁss, which is attained only
at high hydrostatic.pressuressl) has recently been shown to be a
bulk effectgz) EuM0688 has a regular array of magnetic ions (7uB)(3)
(non-interacting at least for T>0.5 K(4)) and provides a good host
for the introduction of other magnetic ions. The effects of the mag-
netic contribution of Ho3+ ions on the pressure induced superconduc-
tivity of EuM0688 is discussed heregs) Electrical resistivity and
normal state magnetization measurements at ambient and high pressures
are presented. The upper critical field HCZ(T) for the pressure In-~
duced superconductor EuO.SHOO.IHOGSS was found to be reentrant (dﬂczldT
>0 as T»> 0 X). At low temperaturés (T<2 K) the electrical resistivity
for P= 7 kbar showed a minimum with increasing field above ch. .

The suEstitutional magnetic impurity Ho3+ is of particular.in-
terest because the two end members of the pseudoternary Eu(Ho)M0688
series, namely HnMoGS8 and EuM°658’ have greatly dissimilar supercon-
ducting-normal phase boundaries as a function of applied magnetic
field. For HoM0688 the P=0 superconductivity (Tc=1'3 K) is quenched
due to ferromagnetic alignment of the Ho3+ ions at about 0.5 KSG) and
HCZ(T) reaches only about 0.3 T. For EuH0658 HcZ(T) reaches as high as
26 T and the phase boundary is fit well by assuming a negative ex-~
change interaction for the Eu2+ jons and the conduction electronssz’7)

The samples were obtained in the form of simtered clumps which
were carefully cut into iIngots for electrical resistivity measurements

{including HcZ(T’P))‘ The leade were attached with conductive epoxy.

The zero field transition temperatures measured with electrical re-



sistivity agreed with those using ac susceptibility. High pressure
critical field and electrical resistivity were carried out in small
Berylco 25 pressure clamp devices having electrical lead access into
the high pressure chamber. High pressure magnetization was carried
out in non-magnetic Co-free beryllium copper clamps. During the sam-
ple preparation and measurements care was taken to prevent the in-
troduction of oxygen into the samples and to prevent strains, be-
cause these broaden transition widths and/or alter the pressure de-
pendent propertiesgs)

The normal state magnetization, ¢, vs applied field Ho to 9 T was
measured at T=4.2 K for six Eul—xHOxMOGSB samples (x=0,0.1,0.2,0.3,
0.4 and 0.5). Although the x=0 sample (EuMo6SB) attained near sat-
uration in 9 T fields, and 0 closely followed a 3rillouin function for
J=7/2, the approach to magnetic saturation in the Ho doped materials
was much slower. Data for the x=0.5 sample is shown in Fig. 1, where
the free ion-éaturation magnetic moment {(47.9 emu/gm) is also indicated.
The slow approach to saturation is attributed to the effect of crys-
talline electric field {CEF) splittings on the Ho3+ ion, (Eu2+ is an
S~-state ion, so that CEF splittings are zero to first order, and the
Brillouin-~like magnetization and an observed near-ideal Curie law sus-
ceptibility, 6<.2 K, support this.) .All the O.vs H.o d§taucan be £it
well assuming a CEE doublet ground state with largely Jz=¢8 components
for the Ho ions(g) an@ with the next excited CEF levels split up fy
many K so that only the lowest lying doublet is thermally populated at
T=4.2 X, The fit to the data in Fig. 1 (solid line) is with no adjuste

able parameters, Although considerable aniéotropy of 0 is apparent for



4,

x>0, we observed very little deviation from a Curie-Weiss law in

igh resolution susceptibility measurements, This is due to random
orientations of the crystallites with respect to the applied field,
as shown by anlapflo) The fit to the data in Fig. 1 is averaged
for random orientation of the crystallites with the external field.
High resolution o vs HO measurements were also performed on the x=0.5
sample down to 1.5 K in order to search for hysteresis. None was
observed to within 1%, so all samples wers paramagnetic in the tem-
perature range covered. This sample was also subjected to 5.5 kbar
hydrostatic pressure and o© measured at 4,2 K. These data are also
included in Fig. 1, where it is seen that no significant differences
exist; thus the moment change under pressure is negligible: . |,
(1/0)(da/dP)<1.8 x 10™> kbar .

The electrical resistivity, p, vs T and its pressure dependence
are shown in Fig. 2 for Eu0ﬂ9H00.1M0688. Aﬁ P=0 a sintered high purity
EuMb688 sample‘also showed an increase in p with decreasing T, but
the relative value attained was much larger: R(4 K)/R(300 K)=20. Two
possible sources for the smaller change in the x=0.1 samplé are:
first a decrease in the extent of the structural distortion caused by
the introduction of smaller H03+ ions into the lattice (the c-axis
is reduced(ll)), and secondly an increase of conduction electron con-
centration introduced by the trivalent impurity. The high pressure
data in Fig. 2 clearly show the metallic behavior of the system and the

superconducting transition at about 8 K. Only about 3 kbar is needed

to produce metallic conductivity in the x=0.1 sample, whereas about

12 kbar is needed in pure EuMoGSB.

Measurements of the superconducting upper critical fileld, ch(T),



on the x=0.1 sample were made in order to compare the phase boun-

dary with those of the two end members of the pseudoternary series.

The phage boundary is far more similar to that of HoMoﬁséé) than that
tan N A -t )

6Séz); data for three pressures is shown in Fig. 3. The pres-

sure dependence of the data on the highu temperature side of the

of EuMo

HCZ(T} peak results from the pressure dependence of T, previously
reportedgs) However, the pressure dependence on the low temperature
side .indicates a change in the exchange interaction with pressure.
One feature, evident for all three pressures, is the linear de-
pendence 6f HcZ(T) with T below the peak. The 12 kbar data, if ex-
trapolated to zero field, indicates a transition back to the normal
state at about 0.5 K. Semiquantitative fits to the 10 kbar data of

(12)

Fig. 3 were obtained using an abbreviated form of the multiple

pailrbreaking equation(13)

with net positive magnetic impurity-con-
duction electron exchange; G=4 x 10-5 in ﬁq. 3.81 of Ref. 15, and
¢=90, an effective Curie constant ).

In-Fig. 4 we show p vs ﬁo to 415 T:for the x=0.1 sample at P=" 7 kbhar.
For T<3 K p rises rapidly, decreases above ch and then increases
again., The shallow minimum may be due to a strongly temperature
dependent magnetoresistivity in the normal state. However, an al-
ternarive explanation is precursive field-induced superconductivity,

4
which has been recently reported in another EuMoﬁss—based hot pressed

sampleslb) Negative exchange is essential for the observation of
this interesting phenomenon. The resistivity to 15 T at high pres~

sures and lower temperatures for the x=0.]1 sample substantiated

tihls shallow minimum and showed strong temperature dependence:



the depth of the minimum increasedlby a facter of four between
1.0 K an? 0.5 K. This is being investigated further.

This work is supported by NSF DMR 82-03690 to Tufts Univer-
sity and NSF DMR 81-13456 to Boston University. The Francis Bit-
ter National Magnet Laboratory is Supported by NSF. Argonne

National Laboratory is supported by the Department of Energy.

6.



7.

REFERENCES

a.

b.

i1,

12.

13.

14,

Permanent address: Argonne National Laboratory, Argonne, IL.

Permanent address: Dept. of Physics, llniv. of Alexandria, Alexan-
dria, Egypt.

C. W. Chu, S. Z. Huang, C. H. Lin, R. L. Meng, M. K. Wu and P. R.
Schmidt, Phys. Rev. Lett. 46, 276 (1981); D. W. Harrisom, K. C. Lim,
J. D. Thompson, C. Y. Huang, P. D. Hambourger and H. L. Luo, Phys.
Rev. Lett, 46, 280 (1981).

M. Decroux, S. E. Lambert, M. S. Torikachvili, M. B. Maple, R. T.
Guertin, L. D. Woolf and R. Baillif, Phys. Rev. Lett. 52, 1563

(1984).
M. M, Abd-Elmeguid and H. Micklitz, J. Phys. C 15, L479 (1982).

J. Bolz, G. Creclius, H. Maletta and F. Pobell, J, Low Temp.
Phys. 28, 61 (1977).

D. W. Capone II, M., S. Lai Fook, R. P. Guertin, S. Foner and D. G,
Hinks, J. Appl. Phys. 53, 2016 (1984).

M. Ishikawa and . Fischer, Solid State Comm. 23, 37 (1977).

F. Y. Fradin, G. K. Shenoy, B. D. Dunlap, A. T. Aldred and C. W.
Kiwhall, Phys. Rev. Lett. 38, 719 (1977).

D. W. Capone II, R, P. Guertin, S. Foner,-D. G. Hinks and H. C. Li,
Phys. Rev. Lett. 51, 601 {1983).

D. R, Noakes, G. K. Shenoy and D. G. Hinks, to be published.
B. D. Dunlap, J. Magn. Magn. Mat. 37, 211 (1983).

D, W, Capone II, Thesis, Tufts University.

M. Decroux and @. Fischer in Superconductivity in Tefnary Compounds 1II,

edited by M. B. Maple and QI.AFischer, Springer-Verlag, 1982, 57-97.

N. R. Werthamer, E. Helfand and P. C. Hohenberg, Phys. Rev. 147,
295 (1966).

H. W. Meul, C. Rossel, M. Decroux,. . Fischer, C. Remenyi and A.
Briggs, Phys. Rev. Lett. 53, 497 (1984).



FIGURE CAPTIONS

Fig. 1: Magnetization vs applied magnetic field at T=4.2 K for

Eu Ho0 SMo S, at P=0 and P=5.5 kbar hydrostatic pressure. The
so?ia lidé is a fit to the data incorporating crystallinme electric
field effects on the Ho ions. The saturation magnetic moment for
free ions (47.9 emu/gm) is indicated.

Fig. 2: Normalized electrical resisti.ity vs temperature for the
pressure induced superconductor Eu0 9Ho IMOGS for P=0 and P=10
kbar hydrostatic pressure. The supeicangﬁétlng transition is at

about 8 K.

Fig. 3: Upper critical field for three pressures for the pressure
induced superconductor Euo 9H°0 1“0658'

Fig. 4: Electrical resistivity vs applied field for Eu 9Hoo 1M°688
- at three temperatures. The high field minimum appearing”at low
temperatures may be due to precursive field-induced superconduc-

tivity. ' Data were taken at about 7 kbar.
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