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Interaction of the spin-flop phase and superconductivity in DyM@S; single crystals
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Single crystals of DyMgS; are studied by magnetization measurements performed in low magnetic fields
and at temperatures below the superconducting transition tempeTfatark6 K. Effects have been found at
temperatures belowy=0.4 K, where superconductivity and antiferromagnetic order coexist. These effects
reflect the unusual vortex dynamics characterizing the quasistatic magnetization process. The two-stage flux
penetration is observed and interpreted as a result of the spin-flop phase developed in the superconducting
state. The superconducting coherence leng{®.1 K)=500 A and the Ginzburg-Landau parameter
(0.1 K)=2.5 have been estimated in the magnetic superconducting state through analysis of the magnetiza-
tion process. The significant reduction of from 11 obtained just abovE, to about 2.5 below, demon-
strates the tendency of the compound to transform from a type-ll to a type-l superconductor due to the
appearance of long-range magnetic order in the superconducting state.
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[. INTRODUCTION the vortices during the magnetization of the classic antifer-
romagnetic superconductors in fields close to the first critical
Investigation of the interaction between magnetism andield Hc;.

superconductivity began about 40 years ago with theoretical DyMogS; is a material with the superconducting transi-
and experimental activities appearing simultaneotidipe  tion temperature ranging from 1.6 to 2.2 K for polycrystal-
huge interest in the coexistence of these competing effectine samples!~?*The transition from the paramagnetRM)
exploded in the late 1970s with the discovery of two familiesto the antiferromagnetiCAFM) state occurs aly=0.4 K
of magnetic superconductors, the rare-earth-based Chevréind is reproducible for good quality sampfés; including
phases and the rhodium borideblowever, for almost two  single crystalgthis work). The crystal structure of DyM;
decades the interest has been overshadowed by the higéan be described as interconnected;Bounits and Dy ions.
temperature superconductivity found in copper oxides. Théne such unit is a slightly deformed cube where S atoms sit
recent discovery of the presence of long-range magnetic ogt the corners and Mo atoniforming a slightly deformed
der and superconductivity in rare-earth nickel borocarbideoctahedrohare situated at the cube faces. Theg8punits
3-8 and Ru-based compourid$® has triggered a series of are arranged in a simple rhombohedral lattice and the Dy
experiments and inspired a return to the so-called coexisions are located in the center of the unit delie surrounded

ence problem. by eight Mg Sg units), as in other Chevrel phases with rare-
Among classic magnetic superconductors, the Chevretarth(RE) ions2°
phases have been studied most intensi¥&l° These com- Neutron scattering studies have confirmed the above-

pounds have been available mainly as polycrystalline matenentionedTy and shown that AFM order is long range with
rials. However, some interesting features can only be oba correlation length greater than 300 ?AThe Dy ions form
served for single crystals. One such effect demonstrating tha simple cubic sublatticevith a slight rhombohedral distor-
coexistence of and interaction between superconductivityion) in which the observed magnetic structure consists of
and magnetism is the two-step decrease of the magnetizatigh00 planes with moments of 8.8 alternately parallel and
with increasing external field observed for the antiferromag-antiparallel to thg111] direction (the rhombohedral axis®
netic superconductor ErRB,.}” This anomaly was ex- Neutron experiments performed &t=0.2 K in an applied
plained as a result of the metamagnetic transition in the vormagnetic field have demonstrated that ferromagnetic order
tex core and, consequently, the increase of the vortex energyegins to develop & =200 0e?® much below the super-
The magnetic transition in the vortex core seems to create eonducting upper critical fielt .,=1.2 kOe?! Thus, ferro-
type of vortices with unique magnetic structure, as considmagnetism coexists with superconductivity in the same man-
ered in detail by Krzysztol'!® Under certain conditions, ner as antiferromagnetism. For an applied field parallel to the
these vortices may be present in many types of antiferromad411] direction (the magnetic easy-axis directipras in our
netic superconductors, including the high-cuprites?®® In  experiment, the ferromagnetism is spin-flop typén this

this paper, the two-step decrease of the magnetization duringork, magnetization measurements were performed to dem-
the flux penetration process is presented for a single crystainstrate the interaction between the spin-flop phase and su-
of the Chevrel-phase-type compound Dyj&. Our results  perconductivity and to study the unusual vortex dynamics in
confirm the universal character of the unusual behavior ofthe magnetic state of the AFM superconductor DyBo
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IIl. EXPERIMENTAL DETAILS o A B e e

Single crystals were grown by slow cooling of a melted 1 008 =
charge containing a mixture of the Dyl®; and DyS; —~ oL
powders. The purity of all materials used for the preparation %
of the starting powders was better than 99.99%. First, DyS, S5 -
Mo, and S, with nominal composition RyMog :Sg, were ¥e] o
heated at 1000 °C fcb h in anevacuated quartz ampoule to &
obtain a Chevrel phase powder. This powder was pressed at = -3 HII[111]
8 bars into a pellet and heat treated in an evacuated molyb- al ]
denum ampoule for 24 h at 1350°C. The only impurity L T ]
phase showed by x-ray analysis was 3% of Mo. The S '3'5' — '1'0' — '1'5' — '2'0' o
DyMogS; pellet had a residual resistivity ratio equal to 24. T (K)

This confirms the high quality and homogeneity of the speci-
men. Then, the pellet was powdered and mechanically mixed F|G. 1. Magnetization vs temperature at several applied fields
with an appropriate amount of the B8s powder. The crys- for DyMogS; single crystal with the magnetic easy axis oriented
tallization process was performed in hermetically sealed moparallel to the field direction. The open symbols denote the back-
lybdenum ampoules cooled from a temperature betweepround results obtained &1 =0. Magnetization results obtained
1850 and 1880°C at the rate of 5—8 °C/h for the firstfrom measurements repeated at the same field are marked by
180 °C. Details of the crystallization procedure are described
elsewheré® After many attempts, several single crystals ments of the changes of the magnetization. However, assum-
with varied shape and dimension were obtained. Regulaing that the sample in the Meissner state demonstrates per-
cubes with a volume exceeding 0.005 fappeared only fect shielding (4rM = —H), absolute magnetization values
occasionally. can also be obtained. The perfect shielding was used to cali-
Chemical composition and crystal uniformity were exam-brate the SQUID system for the magnetization measurements
ined using a Hitachi scanning electron microscope equippegerformed with increasing magnetic field for the single crys-
with an energy-dispersive x-ray analyzer. Single-crystakal in the virgin superconducting state. The crystal was ori-
x-ray diffraction data were collected at room temperature orented with the magnetic easy axthe[111] crystallographic
a Simens SMART charge-coupled devig@CD) diffracto-  triple axi9 parallel to the external magnetic field. For this
meter. The electron-probe microanalysis of the regularerientation, the demagnetizing factor was assumed t& be
shaped crystals showed a composition corresponding to the 1/3, the same as for a sphéfel This demagnetizing fac-
DyMogSg formula. At room temperature, the cell parameterstor was used to correct magnetic field values; however, the
in the rhombohedral lattice werar=6.452 A andag  correction is of no importance for our conclusions.
=89.50°, and were equivalent for all crystals analyzed.
'I_'hese vall_Jes are ider_1tical to those obtained for poncrysFaI- IIl. RESULTS AND DISCUSSION
line materials’® The single crystal selected for our experi-
ment showed good stoichiometry and no second phases. It In Fig. 1, the magnetization measured as a function of
had dimensions of 0:20.2x0.2 mn? and a massm temperature is presented for several different applied mag-
=0.05 mg. netic fields oriented parallel to the easy axis of the single
Magnetization was measured with the SHE 330X Seriesrystal. At low fields, the transition to the superconducting
superconducting quantum interference dei8®UID) sys-  state is clearly manifested as the smooth change of the mag-
tem with a SQUID sensor installed in the vacuum chambenetization M into diamagnetic values al.=1.6 K (T,
of the 3He-*He dilution refrigerator. The sensor was ther- =1.62 K for H=20 Oe). This temperature decreases with
mally anchored to the liquid He bai4.2 K) and shielded increasing field, as expected for a superconductor, and re-
with a Nb tube. Two counterwound pickup coilsach com- flects the temperature dependence of the upper critical field
posed of four turnswere made from 0.13-mm-diam Nb-Ti Hc,, below which the resistivity of the single crystal is ex-
wire and connected to the input coil of the SQUID sensorpected to be equal to zero. FBr>100 Oe, theM values
The distance between the pickup coils was 15 mm and thbelow and close td are no longer diamagnetic. However,
coil diameter was 5 mm. Nb-Ti wires leading to the inputthe resistivity should still be zero and the ac susceptibility
coil were twisted and shielded with a Pb-Sn tube. The pickughould be negative(diamagnetit as was observed for
coil assembly was placed in the center of a 10-cm-long subyMogS; polycrystalline sampléé and other magnetic
perconducting solenoid generating a magnetic field up to 1.5uperconductors-3? For these fields, the diamagnetic
kOe. Both the coil assembly and the solenoid were fixed tahange ofM caused by the superconducting transition is not
the mixing chamber of the dilution refrigerator. The selectedarge enough to compensate the positiw®f the Dy ions in
single crystal was glued by GE varnish to the end of a 1.5the PM state. Thus, the values Bf for the sample in the
mm-diam copper rod and placed in the center of one of theuperconducting state depend on the internal magnetic field
two pickup coils. The other end of the copper rod wascaused by the applied field and the partially oriented spins of
screwed to the coil assembly. the Dy ions. At lower temperatures, the abrupt changi of
This SQUID system, in principle, allows for the measure-is observed affy=0.4 K, reflecting the transition to the
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FIG. 2. Magnetization vs temperature at higher fields than in  FIG. 3. Magnetization as a function of applied field obtained in
Fig. 1. Magnetization results obtained from measurements repeateabe virgin state at several temperatures for Dy8lpsingle crystal
at the same field are marked by. The inset shows a difference with the magnetic easy axis oriented parallel to the field direction.
between the dynamitopen symbolsand quasistati¢solid sym-  The inset shows thel-T phase diagram with the following series:
bols) results(see text PM, paramagnetic; NOR, normal; SUP, superconducting; SF, spin

flop; and AFM, antiferromagnetic. Two open symbols denote the

AFM state. In this state, the internal field is reduced &hd results obtained by extrapolation. The dashed line was achieved
can again become negative. By, the change ofl between  from the neutron diffraction studie&ef. 26.

the PM and AFM states increases with increasing field as ] .
expected. and the change dfl from negative to positive values takes

In Fig. 2, the magnetization measured as a function opPlace at a very Iovy fiel_d,just abovg the first penetration field
temperature is presented fér=200 Oe. For these fields (Hip=10 Oe) which is the experimental measuretf;.
and belowTy, the single crystal is in the spin-flo{SP The large |_ncrease‘rom about 20 to about 300 @_@f t_he
phase, so the observed changévifcaused by the transition field at whichM changes from negative to positive is ob-'
to the ordered state, decreases significantly with increasinge"ved for the sample in the magnetically ordered state. This
field. The temperature of the magnetic transition is field in-/2rge increase occurs at temperatures much befpvand
dependent, as expected for an antiferromagnet in low field&annot be explained as a result of the temperature depen-
The transition to the superconducting state, appearing as 4gnce ofHc. Thus, itis perceived as a consequence of AFM
small kink on the paramagnetic part of tM{T) curve, is order appearing in the superconducting state. A similar
still observed, and the results presented in Figs. 1 and 2 ca#’omaly, which arises from the fact that the virgin curve was
be used to construct thé-T phase diagram. At temperatures placed out of the magnetization loop, has been_ observed for
below Ty, the values oM depend slightly on the measuring the polycrystalline DyMgS; sample; however, this observa-
procedure because of increased flux creep or flux flow eflion has not been interpretédl. _
fects. For fields higher than 300 Oe, the difference between The low-field part of thei (H) virgin curves is presented
M measured just after the temperature was changed and st8- Fig. 4 to .show_ details concerning flux penetration. This
bilized (dynamic resultsor 1 min later(quasistatic resuligs ~ Penetration is typical abovéy and proceeds as an unusual
notable. As an example, the difference between the dynamic

and static results is presented in the inset of Fig. 2Hor 150;"" AL N SRR
=400 Oe. Note that neithéer. nor Ty depends on the re- 100F : =
laxation effects. With the exception of the inset in Fig. 2, all 505_ ? * | N/ 3
M data reported in this paper relate to the quasistatic mea- E 05K | E
surements. D 0% ) ;
The most interesting results were obtained kbrmea- e -50[ | 3
sured as a function of applied magnetic field. Figure 3 pre- = E 0.14K ]
sentsM versusH at several temperatures beldy and at 0.5 & 1008 ' 13K E
K. The curves were obtained for the virgin state of the -150F ! ' 3
sample. This means that the crystal was cooled to the re- 200E |1| 0.10K 3
quired temperature from abovg. in zero field and then the 5 T
field was swept up. The difference between the virgin curves ) 500 100 200 300 400

measured in the AFM and PM states is striking and can be H (Oe)

understood in terms of the phase diagram shown in the inset

of Fig. 3. This diagram, which was constructed by using the F|G. 4. Details of the magnetization virgin curves presented in
results presented in Figs. 1 and 2, is qualitatively similar torig. 3. The vertical dashed line marks the fi¢dq for which the

the phase diagram obtained for polycrystalline matéfiat  magnetization anomaly appears. The arrows show the possible con-
0.5 K, the sample is in the superconducting and PM statefiguration of the spins of Dy ions in the vortex core.
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two-s_,tage process at Iowerl ;emperaturgs where AFM orQer Eexer= @(H—Hgsp) = No€exch» ®)
coexists with superconductivity. At low fields the sample is _ N ) )

in the Meissner state, i.e.,mM=—H. When the field in- Wherea is a positive constant\, is the number of Dy ions
creases abovl;, (H,=120 and 60 Oe at 0.1 and 0.14 K, (Sping in the vortex core, an@e,.y is the increase of ex-
respectively, the sample is penetrated by the flux. Then, atthange energy per spin due to the SF transition. Then, the
higher fields, the penetration process stops unexpectedly, afgge energy in the mixed state fet>Hsg is given by

B in the single crystal is almost constant when the applied é

field is increasedAH=—47AM). This new perfect shield- E(H.T)=(E°+E n+uU(n) — Pon Hect H—H

ing appears aH,=160 Oe which after correction for de- (H.T)=(E,+ Eexen) (M)~ 4 (Hsr s¥)

magnetizing effect§H=(H,—kB)/(1—k), wherek=1/3]

gives the value of 200 and 170 Oe at 0.1 and 0.14 K, respec- =E%+a(H-—Hgpn+U(n)— @Hsp

tively. These fields correspond very well to the spin-flop field Y 4

Hsr=200 Oe, obtained from neutron diffraction

experiment£® Thus, we propose the following interpretation _ @(H —Hgp)

of the observed anomaly. When the vortices penetrate the Am

single crystal aboveél;,, the core and the rest of the vortex BoH b

are in the AFM phase. However, when the applied field is _( 0_ 0 S| am —O)(H—HSF)nJrU(n).

high enough to force Dy spins to form the SF phase in the 4 4

vortex core, the vortex energy increases and this will require (4)
a higher applied field to push the vortices with the new in-

ternal magnetic structure to the sampidhen, with further The first term of the final form is negative becaLB&

increase of the applied field, the vortices penetrate the=Hc;¢o/47 andHg>H¢; for the DyMao;S; single crystal.
sample more rapidly, the internal magnetic field increasesThus, forH increasing abovéd gy the vortex densityn can
and the magnetization becomes positive. stay constant, increase or decrease, depending.dn our

In the next part, simple phenomenological considerationgxperimentn=const forH changing from 200 to 300 Oe at
are proposed to estimate the number of magnetic ions in the.1 K (after correction for demagnetizing effetas shown
vortex core and, based on that, the superconducting cohei Fig. 4. For fields in that interval, the single crystal behaves
ence length and the Ginzburg-Land&@L) parameter for almost as an ideal diamagnet\ii=—47AM) and B
DyMogSg in the AFM superconducting state. =const(the casex= ¢y/4). Thus, the number of Dy ions

For a local magnetic field lower than the field at which thein the vortex core can be estimated from the valuexpfs
spin-flop phase occurs, the free energy density of the maghown below.

netic superconductor can be expressed as For H parallel to the easy axis, the increase of the ex-
change energy due to the SF transitieg ;= useHsg2,
F(H,T)= Egn +U(n)—BH/4r, (1)  whereugg is the “on-field” component of the magnetic mo-

ment of the Dy ion in the SF phase. Then, analyzing the
where EJ is the self-energy of the vortex) is the vortex  shape of the magnetization loops obtained in arbitrary units
density,U(n) describes the interaction energy between then high magnetic fieldé* we evaluateusg as 2/3 of the
vortices[repulsive interaction meang(n)>0], andBH/47  saturation magnetic moment, $05r=2u,/3=6ug, where
reflects the interaction energy between the magnetization ang,=8.8ug is the z component of the Dy magnetic moment,
the external field® The transition from the Meissner to a as determined by neutron scattering experimé?fmld’uB is
mixed state appears when the external field is equéd @  the Bohr magneton. Then taking the experimental value for
=4mEJ ¢o, Wheredy is the unit flux. In the mixed state, the Hge=200 Oe?® we estimatee,.~5.6x 10 18 erg. Now
magnetic induction is given by the total magnetic fl, using Eq.(3), with conditiona= ¢y/47, and taking the field
= ¢on. Then, the vortex densityis determined by minimiz- range for whichn is constant H—Hgr=100 Oe at 0.1 K,
ing the free energyl) with respect tan. after correction for demagnetizing effegtdhe number of Dy
AboveHgg, the SF phase develops to reduce the interacions in the vortex core can be calculated from
tion energy between the magnetization and the magnetic
field. The SF phase should appear first in the core of the b0
vortex forming the new type of vortices discussed in the E(H_HSF):Noeexch ®)
former section. The transition to the SF phase results in an
increase of the exchange energy between the magnetic spitfs be Ng=2.9x 10" cm™*. This value corresponds to the
of RE ions. The increase should be added to the core energypre diameted(0.1 K)=1000 A.Assumingl=2¢, the su-
of the vortex: perconducting coherence leng#f0.1 K)=500 A is ob-
tained. In our experimenB=const=100 G (at 0.1 K),
E,=E%+ Eeyen, (2)  Wwhich corresponds tn=4.8x10° cm™? and to the distance
between vorticesi=7000 A for a triangle lattice.
where E¢,.p, is the increase of exchange energy due to the The coherence length can also be estimated from the
occurrence of the SF phase in the vortex core. In the firssimple formulaHc,= ¢o/2w£2. For our DyMgS; single
approximation, crystal, H;,=900 and 1100 Oe at 0.1 and 0.7 K, respec-
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tively, and consequently¢=600 and 550 A which corre- current inversion seems to be the direct consequence of the
lates very well with the value obtained above. Encouragedjuantization of the total flux of a single vortex, which in a
by this result, we use the GL relation betweklR; and magnetic superconductor is the sum of the spin and current
Hea (Hei/Hep)=(mink/4y3k?) 3 to estimate the G-L contribution

parametek (0.7 K)=11forHc;=H;,=10 Oe(see Fig. 4

in the nonmagnetic superconducting state. Then, accepting IV. CONCLUSION

above-evaluated(0.7 K)=550 A we obtain the penetra- .
tion depthA (0.7 K)=6000 A. The GL relation between the The single crystals of DyM; were successiully grown

lower and upper critical fields is generally valid for super- using the slow cooling of a melted charge closed in hermeti-

conductors with larg& and, therefore, cannot be applied for cally sealed molybdenum ampoules. The crystals were pure,

our sample in the AFM superconducting state. In that Statehomogenous, and large enough to be used for studying some

o ; Subtle effects accompanying the magnetization of the antifer-

TiH?}igSZ Orztgng_'con_&g%eoraglg) r\?ﬁ#gﬁ% ?nlre}; tﬂglre- romagnetic superconductor. For a crystal with the magnetic
L L2 q . easy axis oriented parallel to the external field, the unusual
duction of x, possibly even below 2. However, to estimate . L i
below T, we can assume that in the SE phasis reduced vortex behavior was observed beldy for the initial mag
t0 the Nal e of orderXNY2 wherel is thepma netic inter- netization process. This behavior, which is two-stage flux

i \Il utﬁg5 E D)(I\/? ! W26 |~3'00 A g Ic1 h penetration, was interpreted as the consequence of the spin-
ag lon et?tg_ : d orl googsi ~6500 A an Btu_sm_g the flop phase appearing in the vortex core. Based on this obser-
above ? Tllme dva ud (t. O)I K ~1360W€,11\ oCaln INe " vation and analyzing the free energy of the magnetic super-
magnetically ordered s ane( : )= _ - LOMparng — ¢qnqyctor, the superconducting coherence length and the GL
the new estimated (0.1 K) with the distance between vor-

. . . . parametetk were estimated in the magnetic superconducting
tices,a=7000 A, we see that at fields where the magneli-giate. In this statex is too small to be obtained by applying

zation anomaly occurs the vortices can be considered as IShe simple GL formulas. The large reduction ofobserved
lated. . : : ” :
. . below Ty gives evidence that with decreasing temperature
The reduction pt\, observed in t_he AFM state, leads tq a the antiferromagnetic superconductor tries to transform from
stron_g compression of the quantized flux and results in 3 type-Il (with a largex) to a type-I superconductor. This
considerable decrease of the GL parameter fig@.7 K) transformation can be explained as a result of the attractive

=11 1o :.<(0.1 K)=2.5. B.Oth of the_ values ok may be " force between the vortices, possibly due to the current inver-
underestimated because in calculations we W$gdinstead ;00 i some portion of the vortex

of Hcy and Hyy=H¢; (real H¢; values are usually not
known). However, we can conclude that the appearance of
the SF phase in the superconducting state forces the type-Il
magnetic superconductor, even when it has a larg® be- The authors acknowledge valuable discussions with T.
come a type-l superconductor as predicted theoretitfly. Krzyszton, P. Tekiel, and R. Laiho. This work was supported
One possible reason for this effect is the attractive force beby the Polish State Committee for Scientific Research within
tween the vortices caused by the current inversion in someroject No. 2 PO3B 125 19 and by the Wihuri Foundation,
portion of the vortex with the special magnetic structure. TheFinland.
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