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Spontaneous Vortex Phase Discovered?
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It is argued that a spontaneous vortex phase probably exists in the recently discovered compound
ErNi,B,C at temperatures below 2.3 K. The consequences of this proposal are discussed. In particular,

the magnetic response of the system is studied both above and below 2.3 K, and further experiments
are proposed. [S0031-9007(96)02184-9]

PACS numbers: 74.25.Ha, 74.20.De

Many years ago it was proposed [1-4] that exoticT,. higher than the magnetic transition temperatiiyg
phases with the coexistence of superconductivity ana@ spiral phase may be stable at temperafyréess than
magnetism may occur in systems with competing superbut about7,,. The wave vector of the spiral is of or-
conducting and ferromagnetic components. The analysider O ~ (1o&y) /2, where ) is the penetrating depth

was based on the free energy functional [1,2] of the superconducting component afygd ~ y2/« is the
1 1 coherence length of the magnetic part [2]. The Meiss-
F=f dsr[i alyl® + Zb|¢|4 ner effect is avoided by having a magnetization whose
2 2 - S average is zero on a length scale m'uch smal[er than
+ T <V —i %A)l,lf +g + 7 a|M|> At lower temperature, a ferromagnetic state with the su-

perconductivity completely destroyed is usually lower in
+ 1,3|1r/1|4 + 1 yZIVA7I|2 -B- 1(4} (1) energy because of the higher energy gain associated with
4 2 magnetizatior(~kzT,,) compared with the energy gained
by superconductivity[~(kzT.)?/Er]. Alternatively, a
superconducting order parameter. It was shown tha?ﬁgnttﬁgiﬂuser\é%ﬁfjﬁ;Eﬁteg’(\l)ﬂfrinrgﬁggiggt;ﬁqr:z ?Ory:r?ror?
a stable spiral phase, where superconductivity coexists b 9 P .
. - . a vortex state may be more stable than the ferromagnetic
with spiraling magnetization, or a spontaneous vortex o
S ; . State because of the gain in energy from the supercon-
phase, where magnetization is more or less uniform, =~ - ) . ;
ducting component. However, this state exists only if the

in the system but vortices are generated without ant | tic field ted by th tizait
external magnetic field, may occur. Subsequently, thdhiernal magnetic field generated by the magnetization

spiral phase was discovered HtRhsBs and HoMosSs satisfies the inequality,
compounds [5,6] in a narrow temperature region between H. < B~ 47M < H., )
a superconducting phase and a ferromagnetic phase. ¢ o
More recently, it was discovered that competitionwhere H.;, and H., are the lower and upper critical
between superconductivity and ferromagnetism may occunagnetic fields associated with. For self-generated
in a new materialErNi,B,C.  We shall show in magnetic fields, the spiral phase is the analog of type | and
this paper thatErNi,B,C is a good candidate for the the spontaneous vortex phase of type Il superconductors.
spontaneous vortex phase, or that the spontaneous vortexExperimentally, it is found thaErNi,B,C is super-
phase will become stable under a relatively weak externalonducting belowl0.5 K [7] and orders antiferromagnet-
magnetic field. (We define the spontaneous vortex phaseally with a fundamental incommensurate wave vector of
in the presence of a magnetic field as a state where th®.553ax,0,0) below 6.0 K [8]. a* = 7 /a, wherea is
density of vortices present in the superconductor is largethe lattice constant in the plane of this tetragonal crystal.
than that given by the external field.) The consequence$he magnetic moments reside mostly on #e ™ ions
of our proposal will be studied. To begin with, we which have a measured magnitud8uz [7]. M vs H
first review some basic features of the Ginsburg-Landawneasurements indicate that the compound is magnetically
(GL) free energy functional (1) where stability criteria strongly anisotropic with th&r magnetic moments essen-
associated with various plausible phases is examined. Thglly along only the in-plane easy axis {h00) and(010)
analysis of Refs. [1] and [2] are then extended to includelirections [7]. For external magnetic fields significantly
the effects of an external magnetic field. larger thanH,.; ~ 500 G, the extrapolation oM (H) data
The existence of the spiral and spontaneous vortekack to zero applied field gives a ferromagnetic ordered
phases inF" are the direct consequences of the Meissmoment of roughly0.33u5/Er [9]. Zero-field specific
ner effect, where a uniform magnetizatidfi cannot co- heat measurement also shows a break in the slope @f the
exist with a uniform superconducting order parameter vsT curve atT ~ 2.3 K [7,9]. The existence of the ferro-
For systems with superconducting transition temperaturenagnetic component in the system is further supported by

where B =V X A, M is magnetization and) is the
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studies on a similar compourithNi,B,C which does not state from the superconducting state. First, we consider
manifest superconductivity & > 2 K, but has a phase the temperature regiofi > T,, and study changes in the
transition from antiferromagnetic order to an ordered statdehavior of the system @& — T,,. In this temperature
with a weakly ferromagnetic component@buz/Th for  rangeM is small, and we can neglect t¢* term in the

T < 8 K [10]. The origin of the incommensurate antifer- GL functional. The qualitative behavior of the system at
romagnetic and the transition to the weakly ferromagnetithis temperature range can be most easily understood by
transition is not quite clear and probably involves both theconsidering the London limit, wher¢g = constant, and
exchange interactions and the dipolar interactions whiclyy neglecting the V7|2 termin F. It is then easy to

are of similar magnitude. Because of the strong easyminimize F with respect tav andA to obtalnM = B/a

axis anisotropy, which forbids smooth deviations fromang4 = A3(1 — 47/a)V X B. PuttingM andA back
antiferromagnetic states, the incommensurate antiferrqnto , we obtain

magnetic state probably consists of spin domain walls 5
separating antiferromagnetic domains, and the weakly fer-p f 3 { a <1 — 4_7T> 1
romagnetic state is formed by ordering of the domain walls. 2b 8
The distance between domain walls estimated from the =5
incommensurate wave vector is abd@t, giving an ef- X [B + <1
fective magnetic moment of abo0t42u/Er, which is
close to the experimentally zero-field extrapolated valuavhere A§ = mc?/8me?|y|? is the London penetration
of 0.33up/Er. depth for the “pure” superconducting componend

It is, in principle, also possible that the ferromagneticis a decreasing function of temperature, and the mag-
transition at 2.3 K is due to an impurity phase dispersed imetic transition (in the absence of the superconducting
ErNi,B,C [11]. To account for the observed anisotropy component) occurs aw(7) = 47. Notice that the
of the magnetization [9], the magnetic axis of the particlegpresence of the magnetic component reduces the overall
of the impurity phase would then have to be aligned in thecost in magnetic energy of the pure superconductor
a-b plane of the host crystal. The conditiom(T) <= 47 by a factor (1 — 47 /a). It also reduces the London
orT = T,, pertains in this case to the embedded impuritypenetration depth fromAy to A = (/1 — 47 /a)Ao.
phase. Since the only requirement from Eq. (1) used iMhe reduction in penetration depth implies that the
this paper for the existence of the spontaneous vortex phaséfective superfluid density observed in the experiment
is that a finite uniform magnetization satisfying Eq. (2) will increase rapidly ag" — T,,. As a result, the critical
exists in the sample, the considerations of Refs. [1] andield H. goes down by the same factqfl — 47 /a.

[2] and of this paper hold also in this case. An interesting consequence of the free energy (3) is
At a distance scale much greater than the lattice spadhat the lower critical fieldH., is not much affected
ing, the antiferromagnetic component plays a negligibleoy the presence of the magnetic component though the

role, and the competition between superconductivity anghenetrating depth is strongly reduced a& — 7,,. To
weak ferromagnetism can be described by a Ginsburgsee that, we consider the superconducting component
Landau functional similar to Eq. (1), except that &  in the extreme type Il limitA > &,. In this limit the
term must be modified to account for the strong easy-axignergy of creating a vortex line per unit lengéhcan
anisotropy in this material. The internal magnetic fieldbe computed using the free energy in the London limit
created by magnetic moment 6f33up/Er is approxi- (3). For the usual superconductors this quantity is given
mately 500 G ~ H.;, which is marginal for supporting in the London limit by ey ~ (®o/47 Ao)* IN(Ao/ &),

a spontaneous vortex state. However, a relatively wealwhere ®, is the magnetic flux quantum [12]. In the
magnetic field~H., should be enough to drive the sys- present case)j, — A which enhances. However, e

tem from the spiral state into the spontaneous vortex statés also reduced by the same factar— 47 /«) because

In the following we shall investigate this scenario usingof the overall reduction in free energy (3). As a result,
the GL functional (1). We shall assume that the magnee ~ (Po/47 Ao)? In(A/ &) in the present case and is only
tization M lies only in thex-y plane and shall consider reduced through a reduction inin the logarithm. Con-
external fields only in in-plane directions. The anisotropysequently,H.; is also not much reduced from its clean
in in-plane directions is not included in our analysis. Wesuperconductor value in the presence of the magnetic
shall considerT, > T,, and shall concentrate on the be- component. It is interesting to ask what happens in the
havior of the system arouril ~ 7, which is the regime sSystem when an external magnetic field of ordgy is

of experimental interest. The possibility of the systemapplied. For the usual superconductors the density of
making a second order phase transition to the spiral stateortices is of ordef27 A3)~! when the magnetic field is

at T = T, but driven into spontaneous vortex by an ex-of order H.;. In the present case, for an external field
ternal magnetic field, will be studied. We shall also dis-of order H,;, the external flux supplied in arezw A
cuss the alternative possibility of the system making ds of order H.; X 2mA? ~ @y X (A/Ao). But _the
direct first order transition into the spontaneous vortexotal magnetic field “seen” by the superconduc®r=
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H +4xM = H/(1 — 4w/a) > H in our approxi- of the magnetic componert to magnetic fieldB is al-
mation, and thetotal magnetic flux the superconductor most identical to the response of the pure magnetic system
sees in aredn A? is of order~few @, implying that the to B, except for the correction term —H,; coming from
density of vortices is of orde271%) !, as in the case of the Meissner effect. In particular, for a small enough
the usual superconductors. value of a, the magnetization may become positive in
A similar analysis as above can be made when théhis range of the magnetic field. The valuerf, where
|[VM|? term is included in the GL functional. We find superconductivity is completely destroyed can also be ob-
that the qualitative behavior of the system is not modifiedtained easily by equating = H.,/(1 — 41 /a) ~ H),
However, the divergence in~! asT — T,, is removed. obtainingH., ~ (1 — 47/ a)HY, indicating thatH., is
In particular, the London penetration depth is saturatededuced in the presence of the magnetic component.
at a value of orderd ~ (Ao&n)'/? as T — T,. At The magnetization curve in the temperature rafige
temperature§’ very close tdT, the magnetic response of T thus has the following qualitative features: (i) =
the system is dominated by the spiral instability. We find—H /4w for H < H,,, where the value of{.; does not
that spiraling magnetization develops around the singlélepend too strongly on temperature; in particular, there
vortex solution asT — Ty, with the magnitude of the IS no singular behavior around the spiral transition. (2)
spiral decreasing exponentially with distance away fromMagnetization starts to increase At~ H.,. For H ~
the vortex core. The decay length of spiral magnetizatiodew H.i, the magnetic component already responds to
goes to infinity asl’ — T, signaling the onset of spiral the external magnetic field more or less as if there is
instability. We find also that the energy of the vortex lineno superconducting component in the system. (3) The

€ remains finite and is given in the London limit by magnetization continues to increase until it reacHes
D, \2 A En H.,, where superconductivity is destroyed. Notice that
= < > [In - =1+ 0(—)} M may already become positive at magnetic field strength
4 Ay ¢ Ao H ~ few H.,.
at precisely the spiral instability point where Next, consider the magnetization curve in the spiral
A= (Aoé)' /2. phase. We find that the magnetization curves above and

The behavior of vortices & < T, can also be studied below the spiral transition are qualitatively similar. In
in the London limit. In the limit7 — T,, the magnitude particular, the spiral state disappears and is replaced by
of the spiraling magnetization is small, and its effect onthe spontaneous vortex phase in the external magnetic
vortices can be estimated perturbatively. We find thafield of the order of several time&,;. The argument
the single vortex solution is very similar to the solutionjs based on the observation that, in the regime of
above the critical temperature, except that the deCﬂtémperatureT = T,, the vortex solution is not much
length A, for the “extra” spiraling magnetization around affected by the spiral component. In particular, the
the vortex decreases again&slecreases belo®,, until value of H,., stays more or less the same above and
As ~ (Aoéu)'/?, where the perturbative solution becomespelow the spiral transition temperature. As the external
unreliable. In particular, the energyfor a single vortex magnetic field is of orderH.,, the distance between
line remains of orde;/(27A5) throughout the whole vortices will be of order~A ~ (Ao&y)/2. However,
temperature range, with no discontinuity across the spirahis is of the same order as the period of the spiral
transition point. state. When the vortex distance is comparable with the

Next, we consider the situation of finite density of period of spiral, the spiral state loses its meaning. Thus
vortices and estimate the magnetization as a function ofie expect that, at this magnetic field range, the spiral
the external magnetic field. Consider the Gibb's energtate will smoothly cross over to the spontaneous vortex

functional, . state. In particular, the magnetic response will be similar
6-—r—- [ & B-H g O that of a pure ferromagnet at temperature< 7,
- " a0 @ in agreement with what is observed in tf#Ni,B,C

L . L compound. The properties of the spontaneous vortex
where the total magnetic fielel is obtained by minimizing phase can be studied by WritirYE{ = M, + M’', where

G with respect toB and M = (B — H)/4m. First,  p2 _ (47 — &)/ is the spontaneous magnetization of
consider the regim& > T and the London limit using the pure ferromagnetic component at temperatire:

Eq. (3). Letthe applied field strength of ordr;. The 7 and the GL functional can be expanded to second
total magnetic fields can be obtained easily by comparing 5 qer in p'. Neglecting the|VAM|? term as before, we
the present expression for Gibb’s energy, with Gi,bb’sfind M = (B - 4771\710)/(1277 — 24), and the effective
energy for the usual superconductors [12]. ‘We obtain GL functional in the London limit 'in terms oB and

0 =
H ~ <1 - 4_7T>B + H,, M (5) H fields has the same form as (3), except that the
a In(A/ &) total magnetic fieldB is coupled to an effective external
where  HY% ~ ®,/(2m&d) and M~ B/a — magnetic fieldHd.s = 47My + nH, wheren = [(67 —

H.[In(H%/B)/ In(A/&,)]/47. Notice that the response a)/(47 — a)]. The effective London penetration depth
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is A = "'y, and the criteria for a stable spontaneousin the system. Notice that the Meissner effect exists in

vortex state is given by the spiral phase wherH,.; > 0. Thus measurement of
the Meissner effect (for example, by SQUID) will distin-
He > Hegp = 4wMo + mH > H,; . (6) guish the spiral and spontaneous vortex phase unambigu-

Notice that A increases again as the temperature IOW-iOS U(S)géefl)é%eirgqﬁgag’g zeigf] tgﬁ;(tjhien'\{lﬁe';sr\'gr;ﬁed
ers. At very low temperature) — Aq. In Fig. 1 we IN1252 P

show the ratio of total magnetic field to external field g:e(?ci:‘lirer}gncté)o:_elzvé?]\\l/?rrér:&eer?t)q[%eg]mienr:jti(;Zti%erft?]rar?(ter?el?e?
B/H as a function of external fieldd for H > H ek 9

at several different values of temperatures computed uss.-uIt may not reflect the true equilibri_um_ thermodynar_nic
ing Eq. (5), with a corresponding equation f5r< T,,. state of the system. Thus the possibility of a zero-field

_ _ " spontaneous vortex phase existing in the compound can-
X\f :l_a%/(()e;?;) S_efgfz)/ I;CI; q viistﬁo’sij"fu/ri(;ed r(:égﬁ((e?z ation. Nt be ruled out. Direct observation of the spontaneous
m’s L) 1l H M H H
47M = 2.0H., at zero temperature in generating the fig—vogee)éé)nhtfse r?gu'trpoe:]g'gg;ﬁgm'qug; Itserisnlig?]?;t?fé] have
ure. It is clear that the zero-field extrapolation of the Y, Nel ring exper
curve atT = 0.57,, indicates the existence of the fer- revealed that with a magnetic field applied (nearly) along

romagnetic component in the system. Notice tHa# the ¢ axis, the direction of the vortex-line lattice begins

measures the total density of vortices in the system and ) etILLr?ﬁWZ¥aIL?;n i;hggcfggetgv‘{g\rgasrégeﬁg gﬁr(;?ngsnetic
>] for T < T,,. The density of vortices for the pure su- P g

perconductor is close to the curve with= 3.0T,,. The transition at7,,. We show [14] in a separate paper that

difference arriving from the ferromagnetic component isfér;(?:?glstﬁis()feggéé%imttrh rggﬁgsit(')? erns:tr?gl)aér;clt%dfﬁe
huge atT = T,,, as can be seen from the figure. y P
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