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PROPERTIES OF THE SUPERCONDUCTINGFERROMAGNET ZrZn2�C. PfleidererPhysikalis
hes Institut, Universität Karlsruhe, 76128 Karlsruhe, Germany(Re
eived July 10, 2002)The Laves phase ZrZn2 exhibits weak ferromagnetism at low tempera-tures that di�ers in many ways from the predi
tions of a weakly spin po-larised Fermi liquid. Surprisingly, ZrZn2 re
ently was even found to be
omesuper
ondu
ting in the milli-Kelvin temperature range. Ferromagnetismand super
ondu
tivity vanish above the same 
riti
al pressure p
 � 21 kbar,suggesting that itinerant ferromagnetism may be a pre
ondition for the su-per
ondu
tivity.PACS numbers: 71.27.+a, 72.80.Ga, 73.43.Nq, 74.20.Nm1. Introdu
tionThe 
oexisten
e of magnetism and super
ondu
tivity has attra
ted s
ien-ti�
 interest for many de
ades. Already by the 1960s numerous studies hadshown that tiny amounts of magneti
 impurities may suppress super
ondu
-tivity. Extensive investigations of a 
oexisten
e of long-range lo
al-momentantiferromagneti
 order in the super
ondu
ting state of the Chevrel phaseswere 
arried out in the 1970s and 80s [1℄. Motivated by this work materialswere dis
overed, whi
h even undergo lo
al moment ferromagneti
 order atlow temperatures so that super
ondu
tivity is suppressed again below themagneti
 transition temperature. More re
ently, the ruthenium 
upratesand the Boro
arbides have been identi�ed as new examples of super
ondu
-tors that undergo magneti
 order in the super
ondu
ting state.All of these systems have in 
ommon that magneti
 order and super-
ondu
tivity arise as mi
ros
opi
ally well distinguishable phenomena. This
ontrasts super
ondu
tivity on the border of itinerant antiferromagnetismre
ently reported for lanthanide and a
tinide based heavy fermion metals [2℄.It has been argued that the latter 
lass of materials in
ludes examples of� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(679)
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ally mediated super
ondu
tivity. A true 
oexisten
e of super
on-du
tivity and itinerant magnetism were, in 
ontrast, long believed to beimpossible as they were regarded 
ompeting forms of ele
troni
 order.The fo
us of the work des
ribed here are itinerant ferromagnets that be-
ome super
ondu
ting at low temperatures, i.e., deep in the ferromagneti
state. As a �rst representative exhibiting this behaviour super
ondu
tiv-ity was dis
overed in the uniaxial ferromagnet UGe2 [3℄ and re
ently in theisostru
tural sibling URhGe [4℄. However, the f-orbitals in U-based 
om-pounds overlap little, rendering the magneti
 state a di�
ult problem. Thisis 
ontrasted by the �rst d-ele
tron system exhibiting super
ondu
tivity inthe ferromagneti
 state, ZrZn2 [5℄, whi
h will be of interest in this paper.The paper is stru
tured as follows. In se
tion two spe
ial features ofthe weak ferromagnetism of ZrZn2 are reviewed. In se
tion three propertiesof the super
ondu
ting state are addressed with parti
ular emphasis on theproperties of the a.
. sus
eptibility and d.
. magnetisation at low temper-atures. The paper 
on
ludes with a brief summary of important questionsraised by the super
ondu
tivity of itinerant ferromagnets.2. The weak ferromagnetism of ZrZn2The 
ompound ZrZn2 was �rst investigated by Matthias and Bozorth inthe 1950s [6℄, who dis
overed that it is ferromagneti
 despite being 
omposedof nonmagneti
, super
ondu
ting 
onstituents. ZrZn2 
rystallises in the C15
ubi
 Laves stru
ture and the magneti
 properties derive from the Zr 4dorbitals, whi
h have a signi�
ant dire
t overlap [7℄. Ferromagnetism developsbelow the Curie temperature T
 = 28.5K (�gure 1) with a small orderedmoment �s = 0:17�B per formula unit. The normal metalli
 state above T
is 
hara
terised by a Curie�Weiss T dependen
e of the sus
eptibility of ane�e
tive moment �e� � 2�B/f.u.The large Curie�Weiss moment as 
ompared with the small ordered mo-ment shows that ZrZn2 is spe
ial among stoi
hiometri
 ferromagneti
 met-als, be
ause weak long range order develops in a ba
kground of stronglyenhan
ed spin density �u
tuations. At T = 1:75K a relatively small �eldB = 0:05T is required to form a single ferromagneti
 domain. On furtherin
reasing the �eld, the ordered moment is rapidly in
reased, with a �eldof 12T 
ausing nearly a doubeling (Fig. 2). M remains unsaturated up to35T, the highest �eld applied [8℄. This behavior 
ontrasts strongly withthe elemental ferromagnets Fe, Ni and Co where, after a single domain isformed, �elds applied parallel to the easy axis only have a small e�e
t onthe ordered moment.
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Fig. 1. Temperature dependen
e of the ordered magneti
 moment �s and the para-magneti
 sus
eptibility � in ZrZn2. The �u
tuating Curie�Weiss moment, �CW �2�B is an order of magnitude larger than the ordered moment �s � 0:17�B/f.u.,where the ferromagneti
 transition temperature is T
 � 28:5K.
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 �eld dependen
e of the ordered moment at sele
ted temperaturesbetween room temperature and 1.75K. At the lowest T the ordered moment ishighly unsaturated and nearly doubles up to 12T.NMR studies and polarized neutron di�ra
tion are 
onsistent with apurely ferromagneti
 state of ZrZn2 [9,10℄. Neutron s
attering studies more-over show that transverse ex
itations in the ordered state are well-developed



682 C. Pfleidererferromagneti
 spin waves [11℄. The small ordered moment and the magneti
�eld indu
ed in
rease of the magnetization, however, are eviden
e of an ex-
eptionally large longitudinal sus
eptibility. This makes ZrZn2 an ex
ellent
andidate for magneti
ally mediated super
ondu
tive pairing.The samples studied in the work reviewed here are di�erent from thoseinvestigated in previous de
ades whi
h were grown by sintering the start-ing materials. Use of a Tantal 
ontainer allowed to suppress Zn evapora-tion losses (for details on the method see Ref. [12℄). Moreover, in the highpressure Zn environment ZrZn2 melts 
ongruently and large single 
rystalsform. The high sample quality is evident, for instan
e, in low residual re-sistivities < 1�

m and the large 
harge 
arrier mean free paths ne
essaryfor the observed de Haas�van Alpen quantum os
illations [13℄. The deep-est probe, however, are low �eld d.
. magnetisation measurements shownin Fig. 3. For �elds less than the 
oer
ive �eld of order 0.002T the onsetof order, measured dire
tly by 
oupling the signal into a RF-SQUID usinga super
ondu
ting �ux transformer, is very sharply de�ned in both zero-�eld-
ooled/�eld-heated (zf
/fh) and �eld-
ooled/�eld-heated (f
/fh) tem-perature sweeps. This is not the 
ase for lower quality samples, where largevariations are observed [14℄. Moreover, the ferromagneti
 transition as de-termined from the high �eld magnetisation and low �eld T sweeps agreevery well.
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rystals. The 
oer
ive �eld in hysteresis loops isfound to be 0.002T.
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ting Ferromagnet ZrZn2 683The development of a phenomenologi
al quantitative framework takinginto a

ount self-
onsistently the e�e
ts of thermal spin �u
tuations in the1970s and 80s, provides mu
h of our present day understanding of weaklyferromagneti
 metals [15,16℄. The underlying 
on
epts have also been trans-ferred to more 
ompli
ated materials, su
h as the 
lass of heavy fermion
ompounds. In fa
t, these models even provide mu
h of the des
ription ofquantum 
riti
al phenomena in itinerant magnets in general [17℄. A 
are-ful quantitative and qualitative 
omparison of simple materials su
h as the
ubi
 ferromagnet ZrZn2 with theory represent therefore a 
ru
ial test.Even though the spin �u
tuation models a

ounts for the low transitiontemperature and small ordered moment of ZrZn2, there are a number ofqualitative di�eren
es. For instan
e, the ele
tri
al resistivity in the ferro-magneti
 state does not exhibit the 
onventional quadrati
 T dependen
e ofa Fermi liquid. Instead a T 3=2 dependen
e is observed over a 
ertain T inter-val below T
 that is at present unexplained [19℄. The inverse sus
eptibilitydoes not follow the predi
ted mean-�eld T 4=3 dependen
e, but remains verynearly linear in T . These features may be taken as eviden
e for the presen
eof soft spin �u
tuations in the ordered regime with a di�erent waveve
tor qand frequen
y ! dependen
e, than the Lorentzian behaviour expe
ted of aferromagneti
 Fermi liquid outside the usual spin wave 
ontributions.
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Fig. 4. Temperature dependen
e of the spe
i�
 heat at high magneti
 �eld [20℄.High magneti
 �eld indu
es a rapid suppression of the linear T dependen
e 
 asshown in the inset. The ferromagneti
 transition temperature at T
 � 28:5K ismarked by an arrow and may barely be resolved.



684 C. PfleidererThe weak magneti
 order is �nally barely evident in the spe
i�
 heatshown in Fig. 4, for whi
h an anomaly at T
 may just be resolved [20℄. Thevery small entropy loss is 
onsistent with the predominant spe
trum of spin�u
tuations. Here magneti
 �eld indu
es a substantial redu
tion of the linear
ontribution to the spe
i�
 heat C=T = 
. The nearly 30% redu
tion of 
shown in the inset of Fig. 4 may indeed be a

ounted for within the spin�u
tuation model mentioned above [20℄. However, for the phenomenologi
alparameters taken from experiment on the same sample, 
 is systemati
allyfound to be lower than experiment. This di�eren
e is parti
ularly striking inhigh quality samples. It is therefore tempting to spe
ulate on the presen
e ofadditional 
ontributions to the spe
i�
 heat in the limit of high purity [18℄.These may also be at the heart of the deviations observed in resistivity andsus
eptibility. 3. Super
ondu
tivity in ZrZn2The low value of T
 and small ordered moment indi
ate that ZrZn2 is
lose to a ferromagneti
 quantum 
riti
al point (QCP), de�ned as the pointwhere ferromagnetism disappears at zero-temperature [21℄. Thus, the highsample quality and the predi
tion [22℄ that super
ondu
tivity is 
ontrolledby the QCP led us to revisit this 
ompound.
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ondu
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ondu
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tor of ten.
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ondu
ting Ferromagnet ZrZn2 685Indeed, when releasing the pressure ne
essary to supress the ferromag-neti
 order, we re
ently found that ZrZn2 develops super
ondu
tivity in theferromagneti
 state below Ts � 0:28 K [5℄. Our initial observation of a 30%transition in the resistivity and almost ideal super
ondu
tive shielding hasnow been suplemented by the observation of a full resistive transition withTs and H
2 un
hanged [23℄.Before addressing remarkable features of the super
ondu
tivity, low tem-perature magneti
 properties are reviewed further. Shown in Fig. 6 are thereal and imaginary part of the low frequen
y, low amplitude a.
. sus
ep-tibility. Very slow �eld sweeps between a large negative and large positive�eld are dominated by a pronoun
ed maximum for �elds smaller than the
oer
ive �elds. In the irreversible regime the imaginary part is also large.In the very soft ferromagneti
 state diamagneti
 shielding and a large dis-sipative 
ontribution are observed, indi
ative of susper
ondu
tivity. This
0

1

2

3

4

5

χ'
S

I

0.3 K

0.025 K

0

1

2

3

4

-0.05 0 0.05 0.1

χ "
S

I

B (T)

0.3 K

0.025 K
-0.01

0

0.01

0.1 0.5
B (T)

0.3 K

0.025 K
B

c2

0.03

0.04

0.1 0.5
B (T)

0.3 K

0.025 K

Fig. 6. Real and imaginary part of the low frequen
y, low amplitude a.
. sus-
eptibility as measured in slow �eld 
y
les. The sus
eptibility develops a largediamagneti
 signal 
ontribution on a ferromagneti
 ba
kground as shown in Fig. 7.The large 
ontribution to the imaginary part when entering the super
ondu
tingstate is typi
al of super
ondu
tivity.



686 C. Pfleidererbehaviour persists, though weak, even at �elds well above the 
oer
i
e �eldof 0.002T, suggesting that the super
ondu
tivity does not exist only in theferromagneti
 domain walls. Further, it is not surprising that on an absolutes
ale we do not observe diamagneti
 shielding, sin
e the super
ondu
tivitydevelops in the ferromagneti
 state and will be subje
t to spontaneous �uxformation. After subtra
tion of an essentially T independent ba
kgroundwell above Ts the sus
eptibility is seen to display nearly perfe
t diamagneti
shielding as shown in Fig. 7.
-0.8

-0.6

-0.4

-0.2

0

0.2

B = 0

B = 0.02 T

B = 0.04 T

R
e 

∆χ
S

I

B
ac

 ≈ 10-6 Tsample C

(a)

0

0.2

0.4

0.6

B = 0

B = 0.02 T

B = 0.04 T

0 0.1 0.2 0.3 0.4 0.5 0.6

Im
 ∆

χ S
I

(b)

T(K)Fig. 7. Temperature dependen
e of the real and imaginary part of the a.
. sus
ep-tibility in sele
ted magneti
 �elds after subtra
tion of a ferromagneti
 ba
kgroundas explained in the text and illustrated in Fig. 6.We have also tried to observe Meissner �ux expulsion in the d.
. magne-tiasation. Shown in Fig. 8 are zf
/fh and f
/fh �eld sweeps at very low �eldswell below the 
oer
ive �eld [24℄. The d.
. �eld amplitude is similarly smallthan the a.
. amplitude used in the a.
. sus
eptibility measurements. Herewe observe quantitative agreement of the a.
. and d.
. measurements, buta �ux expulsion is absent.The super
ondu
tivity in ZrZn2 has a number of remarkable features.First, it only appears to o

ur in high-purity single-
rystal samples. Un-
onventional or non s-wave forms of super
ondu
tivity generally require the
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hange of the d.
. magnetisation as measureddire
tly with a SQUID. No Meissner �ux expulsion is observed, but the drop in thezf
/fh behaviour 
orresponds quantitatively with the a.
. sus
eptibility.super
ondu
ting 
oheren
e length � s = 290Å, derived from the upper 
riti-
al �eld B
2 � 0:4T, to be somewhat smaller than the ele
troni
 mean freepath, whi
h is here of the order 1000Å. In view of the sensitivity to samplequality, the super
ondu
tivity is likely to be un
onventional in nature [25℄.The se
ond interesting feature is the la
k of an anomaly in the spe
i�
 heatat the super
ondu
ting transition (not shown). If we interpret this liter-ally, it means that the super
ondu
ting state is strongly gapless with largeportions [26℄ or even all of the Fermi surfa
e surviving in the super
on-du
ting state. The `zero-�eld' super
ondu
ting transition in ZrZn2 di�ersfundamentally from that in a 
onventional super
ondu
tor sin
e it o

urs inthe presen
e of ferromagnetism. In fa
t, the transition in ZrZn2 is similarto the transition in a 
onventional super
ondu
tor for applied �elds 
loseto B
2, where the super
ondu
ting anomaly is suppressed [27℄. The thirdremarkable feature of the super
ondu
tivity in ZrZn2 is that it is observedwithin the ferromagneti
 phase, whi
h poses the question [9, 28, 29℄ of themi
ros
opi
 relationship between ferromagnetism and super
ondu
tivity. Ama
ros
opi
, i.e., uniform 
o-existen
e of the two states throughout the sam-ple is 
onsistent with the magneti
 response we observe, i.e., �ux expulsionupon 
ooling the sample through Ts in a small magneti
 �eld is almost negli-gible. In fa
t, an in
omplete Meissner e�e
t, i.e., imperfe
t �ux expulsion isthought to be a signature [30℄ of the phase 
oexisten
e of super
ondu
tivityand ferromagnetism.
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an ex
lude s
enarios in whi
h the super
ondu
tivity is due to in-
lusions of a se
ond phase or a surfa
e impurity based on thorough metal-lurgi
al tests [31℄. As a further important test we have investigated the in-terplay of super
ondu
tivity and ferromagnetism under hydrostati
 pressureshown above. Surprisingly, hydrostati
 pressure suppresses both the ferro-magnetism and the super
ondu
tivity above a 
riti
al pressure p
 = 21 kbar.Thus, it is not su�
ient to be 
lose to the ferromagneti
 quantum 
riti
alpoint for super
ondu
tivity to o

ur in ZrZn2, it must also be in the fer-romagneti
 state! This may arise naturally in s
enarios where the Cooperpairs are in a parallel-spin (triplet) state, whi
h is already favored in theferromagneti
 state. Su
h behavior 
ould well be universal for itinerant fer-romagnets in the limit of small Curie temperature and long ele
tron meanfree path. 4. SummarySome of the most pressing questions raised by the dis
overy of super-
ondu
tivity in 
oexisten
e with itinerant ferromagnetism in ZrZn2 may besummarised as follows:1. Is the ferromagnetism a�e
ted by the super
ondu
tivity (an un
hangedferromagneti
 state may suggest equal spin pairing of a triplet super-
ondu
ting state)?2. Is the super
ondu
tivity a bulk phenomenon and hen
e related to anew thermodynami
 state?3. How important is it to be near a quantum 
riti
al point?4. What is the super
ondu
tive pair intera
tion?We have re
ently 
arried out detailed studies of the d.
. magnetisationunder pressure in single 
rystal UGe2 [32℄ and URhGe [33℄. In UGe2 we
an rule out the presen
e of quantum 
riti
ality. The zero temperaturepressure indu
ed phase 
hanges are instead all �rst order. For the 
ase ofURhGe we do not �nd any eviden
e for the vi
inty to a zero temperaturephase transition. This suggests that quantum 
riti
ality is not relevant.Preliminary results in ZrZn2 [34℄ show that the ordered moment 
ollapseslinearily with pressure suggesting quantum 
riti
ality at p
. Surprisingly,however, the longitudinal sus
eptibility nevertheless appears to be 
onstantas the 
riti
al pressure is approa
hed, suggesting a pronoun
ed deviationfrom the predi
ted divergen
e at a ferromagneti
 QCP. This would alsosuggest that the vi
inity to a QCP is not relevant for super
ondu
tivity inthe ferromagneti
 state. On the other hand, the normal state properties
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ondu
ting Ferromagnet ZrZn2 689of ZrZn2 deviate from those of a normal Fermi liquid. Even though allsuper
ondu
ting ferromagnets are strong 
ontenders for ferromagneti
allymediated pairing, additional features of the spe
tra of ex
itations may beinstrumental for the o

uren
e of super
ondu
tivity that were so far not
onsidered.I am indebted to my 
oworkers N.R. Bernhoeft, S.M. Hayden, H. v. Löh-neysen, G.G. Lonzari
h, M. Uhlarz, H. Stalzer and R. Vollmer, whose 
ontri-butions are referen
ed throughout the text. I also am grateful to H. v. Löh-neysen for support to 
ontinue 
ollaborations with G.G. Lonzari
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