PHYSICAL REVIEW B 66, 024512 (2002

Symmetry of the order parameter in superconducting ZrZn,
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We apply symmetry considerations to study the possible superconducting order parameters in ferromagnetic
ZrZn,. We predict that the presence and the location of the superconducting gap nodes depend on the direction
of magnetizatiorM. In particular, ifM is directed along the axis, then the order parameter should always
have zeros. We also discuss how to determine the gap symmetry in, Zising ultrasound attenuation
measurements.
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Recently, superconductivity was found in ZeZnwhich  expressions, it is assumed that the space group elements act
is a weak itinerant ferromagnet. The most surprising fact ison the orbital and spin coordinates simultaneously, which is
that the superconductivity occurs only in the ferromagnetiadhe case when the spin-orbit coupling is present. In the ab-
phase. The exchange splitting of Fermi surfaces makes gence of spin-orbit coupling, the transformations of the or-
conventional sin_glet BCS-like pairing strong[y suppressed. Aital and spin spaces are independent, so @atS,,y,
number of theorlgs have bgen proposed which ghow how theg GepinXU(1), where Gg,in=S0(2) is the group of spin
exchange by spin fluctuations can lead to a triplet Coopefotations about the direction of.

pairing both in paramagnetic and ferromagnetic phases, The crystal structure of Zrznin the absence of ferromag-

to the enhancement of the superconducting critical tempergyetigm is ' described by a face-centered-cubic Bravais lattice,
ture T, on the ferromagnetic sideAnother feature of the with the Zr atoms forming a diamond structure. For cubic

phase diagram is thei; grows as pressure moves away from ferromagnets, the only two possibilities for the easy direction

the_ ferromagnetic quantum crmgal point, which can be X0t magnetization are §001] or [111] direction, and these
plained by the exchange-type interaction of the magnetic

. . i ibilities are analyzed in this paper. Since a relatively
moments of the Cooper pairs with the ma netlzatlonpOSSIbI L . .
density“ per p 9 small magnetic field0.05 T atT=1.75 K) is required to

Symmetry considerations can identify the possible ordefn® UP the magnetic moments along a given directidis
parameters, even in the absence of a firmly established mfXPected that experiments could be carried ouMgparallel
croscopic mechanism of pairing, which is often the case fof© €ither[001] or [111]. The change in the superconducting
unconventional superconductors. The presence of ferromag@P Structure wheM is rotated by an external magnetic field
netism brings about a number of interesting features in th& One of the interesting and unusual properties of Zrhat
symmetry analysis. In this paper, we give a detailed analysi§ould be investigated experimentally. _ .
of the pairing symmetry in ZrZp and discuss its conse-  |f M is along[001], then'S,, is generated byi) lattice
quences for the superconducting gap structure. Our work hd&anslations by the primitive vectors of the fcc lattide,
some overlap with recent theoretical studiésf the gap = (a/2)(1,1,0), t,=(a/2)(0,1,1), and t;=(a/2)(1,0,1),
symmetry in another ferromagnetic superconductor 4/Ge whe.rea is the lattice constantji) the rota.t|onst;34Z aboqt the
We find that the presence and location of the gap zeros dé-axis by an angler/2 followed by a fractional translation by
pend on the direction of magnetization. We also discuss it vectorr=(a/4)(1,1,1);(iii) the combined rotation& C,,
some detail the design of ultrasonic attenuation experimentdPout thex axis by an angler accompanied by the time
that can be used for experimental probing the order paranfeversal; andiv) the inversionl. The point symmetry of the
eter symmetry. crystal is described by the magnetic gro_l[p:4h(C4h)

The symmetry groug of the system in the normal state is = DP4(C4) X C;i, whereC;={E,|}. The subgroup in parenthe-
defined as a group of transformations which leave the syste#€S (the unitary subgroupincorporates all symmetry ele-
HamiltonianH, invariant, i.e.[G,H,]=0 for all elements ments WhICh. are not mulnplled by the antiunitary and anti-
Geg. In nonmagnetic superconductors the time-reversalin€ar operatiorkKCoy, i.e., D4(Cy) =Cy+KCp, X Cy.
symmetryK is not broken, an@=SXKxU(1), whereSis If M is ann'g[ll}], thenS,, is generated byi) primitive
the space group of the crystal abq1) is the gauge group. Igtt|ce translationsyii) r(_):[atlonsclgxyz abou_t the[111] direc-

In contrast, in magnetic superconductors the time-reversdion by an angle /3, (iii) combined rotation& C,, about
symmetry is broken, andg=SyxU(1), whereS,, is the  the[110] direction by an angler accompanied by the time
magnetic space group which is a group of symmetry operareversal, andiv) the inversionl. The point symmetry is de-
tions leaving both the crystal lattidéhe microscopic charge scribed by the magnetic grouPs;q(Cs;)=D3(C3) X C;,
density and the magnetization density invariant® For ex- ~ whereD4(Cg)=C3+ KCyoyX Cs.

ample, if there is a crystal point group rotatiéh which Using the standard notation for the space group opera-
transformsM to — M, then the combined operatidtR will tions, which combine rotationsR and translationst,

be an element 08,,, because the time reversal restores the— (R|t)r=Rr+t, the transformation rules for the spinor
original M not affecting the lattice symmetry. In the above wave functions can be written as
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(R[t) (1) =[DYR)], o, b [R™LHr—1)]. (1) describing two separate sheets of the Fermi surface corre-

sponding to different pseudospin indices, and
Hereo=1,] is the spin projection on the direction bf, and

D(®2)(R) is the spinor representation of rotations: for a rota- P
tion by an angled around some axia, D*?(R)=U{(6) HSC_EK a’;:i [ ap(K)CaCok gt H-CI. @)
=exg —i(0/2)(o-n)]. We will also need the transformation

rules under the time reversal operation HereA, (k) andA __ (k) represent the superconducting or-

der parameters at the+*” and “ —" sheets of the Fermi
Ko (N)=(i ) g (1), ) surface respectively, arm+,(k); —4,+(—k) i§ the order
7 parameter composed of quasiparticles on different sheets.
and the inversion From the Pauli exclusion principlé, . , (k) andA__(k) are
odd functions ofk, but A, (k) does not have a definite
L (r)= (—r). 3 parity. Separating the odd and the even parts, the order pa-
rameter matrix can also be cast in a more familiar form
In the presence of the exchange field and spin-orbit couA (k) = (i oo,)d(k) + (i o) ¢(k), where d and ¢ are the
pling, the single-particle wavefunctions are linear combinapseudospin-triplet and the pseudospin-singlet components,
tions of the eigenstates of the spin operagr (r|) respectively The fact that the Fermi surface of ZrZaon-
=u(r)|1)+v(r)||). Because the normal-state Hamiltonian sists of several sheets of different topolbggoes not change
H, is invariant with respect to the crystal-lattice translations,our results.
the eigenfunctions are Bloch waveg(r) corresponding to From Eqgs.(5), the band spectra. (k) are invariant under
wave vectork in the Brillouin zone. If the energy spectrum the operations from the point grol, . Also, we obtain the
consists of a single band which is doubly degenerate in &ansformation rules for the order parameters under rotations
zero exchange field due to the Kramers theorem, then diag@,,:
nalization of the Hamiltonian in the presence of the exchange

field results in two nondegenerate energy baadgk). The Ay (K——iA, . (CK),
corresponding single-particle wave functions have the form
A__(K)—+iA__(C.k) (8)
(k=) =ul? 1) +ol7(N]1). @

Al _(K—A, (CK)

These states are referred to as pseudospin states. The opera-
tions from the grou@ conserve the pseudospin in the fol- (!’]Ote the Ca.l:]ce”ation of thedependent phase factors Qn the
lowing sense: G|k, +)=exdig. (k,G)]|Gomk,+), with r_|ght-hand side of thesc_e equationand under the combined
G, describing the “orbital” part of the symmetry opera- time reversal and rotationtsCoy:
tion, e.g., rotations or reflections, and the undetermined N 1
phase factorgb.. coming from the freedom in choosing the A (=A%, (Cok),
overall phases dfk, +) at every point of the Brillouin zone.
Here we adopt a convention introduced in Ref. 10, according
to which the pseudospin statfsg. (4)] transform similar to . 1
the spin eigenstatd&, ) and|k,|). As (k) =A% (= Cyck).

Let us first consider the cas4||[ 001]. From Eqgs(1)—(3),

. . In the presence of the exchange band splitfiyg, the
the transformation rules for the creation operators of elecl'ow-fre uency part of the spectrum of excitatiof Spin
trons in state$4) are q yp P ®g., Sp

fluctuationg responsible for the interband Cooper pairing is
cut out? SinceE,, is by far the largest energy scale in the
system: Eq,=5 mRy=800 K!? the pairing interactions
cl+cT_k’_ck,_c_k,,+, which are responsible foh, _, are

A__(k)—A* _(Cylk), 9

(Cagl 7):0] . —e i (Cad) rerimagh |

NS ; t K .
(KCx|0):hey . —*in*cle o, () negligibly smalt® (some of the consequences of taking these
interactions into account will be discussed belo@n the
licf . —cly .. other hand, the interband pairing terajs ',  c,r—c_y —
) _ can induce order parameters of the same symmetry on both
Here\ is an arbitraryc number. sheets of the Fermi surface. We expect the effect of these

~ The pseudospin states can be used as a basis for construgirms to be small at small spin-orbit coupling, because they
ing the Hamiltonian which takes into account the Cooperare absent at zero spin-orbit coupling due to the spin conser-
pairing between electrons with opposite momektaand  yation.
—k. Treating the Cooper interaction in the mean-field ap- The superconducting order parameter which emerges at
proximation we obtairH=Hq+Hsc, with the noninteract- T _ transforms according to one of the irreducible representa-
Ing part tions I' of the normal state symmetry group It can be
represented as the expansidpn(k) =27 ifi(k), wherei
H.= e (Kel e +e (Keh o 6 labels the orbital basis fgnctlons, angh ; are the order pa-
0 Ek Le+ (k)G G (K)C—Cx-] ®) rameter components which enter, e.g., the Ginzburg-Landau
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TABLE I. The character table and the examples of the odd basis onfas(K) ="Ky, Ky, —ky)=—Tag(Kk), (12)
functions for the irreducible co-representations of the magnetic ’ ' Y '
point groupD4(C,). The overall phases of the basis functions areg thatf 5 g(Ky ,ky,0)=0, and A, (k, ,ky,O)=A2 (kx,ky,O)
v E E

chosen so thak C,,f(k)=Tf(k). N, , are arbitrary real constants. . . g
20 =1r (). M i =0. Similarly, under a fourfold rotation around tkeaxis,

E Caz fr(k) |
A 1 1 K, Cyf 1E,2E( k)= flE’ZE( Ky, =Ky k) =*if 1E,2E( k),
— : 2 s 2
e D eI B AT hencefie 2 (0.0k,) =0, anda(0,0k) = A5(0,0k) =0. I
2 g ky ka also follows from Eq(11) thatf (k) andfg(k) go to zero at
- - _ v k,=*m/a, i.e., at the surface of the Brillouin zone, because

(kx.,ky,m/a) and K,k,,—m/a) are equivalent points. In
order to take into account the crystal periodicity leading to
the presence of these additional gap zeros, one has to repre-
sent the basis functions as the lattice Fourier sefigd

free energy. In our casé€, contains the antiunitary and anti-
linear operatiorK C,, , and, instead of usual representations,

one should usecorepresentationsof the magnetic point ==, eRn, where summation goes over the sisof the

groupD4(tCt4), Wh'fcthh can .?e dernéedcgogq _?Ee-d|m(|atns1lonal Bravais lattice of the crystal. The expansion appropriate for
representations of the unitary subgrodp eresults for " d order parameter has the form

odd corepresentations are listed in Table I. Note that the ac-
tion of the unitary and antiunitary orbital symmetry elements
on scalar functiong (k) is defined a®Rf(k)=f(R k), and f(k)=2 c.sink-R (12)
KRf(k)=f*(—R k). N n

If the superconductivity appears on the-" sheet, then
the order parameter i85, . (k) (in terms of the vector order whereR, are the sites of a fcc cubic lattice, which cannot be

parameter d(k)=d,(K)z+[d,(K)(x—iy)+d_(k)(x  transformed one into another by inversion. In the nearest-
+iy)]/2, it corresponds td_=d,—id,). Using Eqs(8) and neighbor approximation,_we choose ihe foIIowiﬂg set of
Table I, we obtain the following expressions: Ry'st {R,}=a/2{(101),(101),(011),(01),(110),(110)}.
Using the representation characters from Table I, we obtain
Ai s a(k)=i nAflE(k), the basis functions which have symmetry-imposed zeros at
the surface of the Brillouin zone:
Ay (k) =imgfy (K), (10)
_ _k,a k,a kya
Ay 1e(K)=im k), fa(k)=sin—-| cos--+cos-|,

Ay 2e(k)=i 7]2EfA(k)-

ka k.a kya
The appearance of different representations on the left and fa(k) =sin—-| cos>-—cos>-/,
right-hand sides of these expressions can be easily under-
stood if we look at Eq98). The transformed order parameter K
A, has an extra factor-i which comes from the rotation = Za( a L ka
+t f1_(K)=cos—| sin5—+isin——|,
of spin coordinates. In terms dfk), this factor is the result ¢ 2 2 2
of the rotation of the basis spin vectrr-iy, which trans- _ ka ka _ ka ka
forms according to théE representation. Thus, for instance, + 4| €™sin %Jr% —e '"Msin %— % :
the first of Eqs(10) follows from the fact thaA= ?E X 'E.
So far, we have discussed the transformation properties of
order parameter§l0) under the rotations from the unitary kal ka . ka
subgroupC,. Because of our choice of the overall phase off2(K) =cos——| sino——isin—-],
the basis functionésee the caption to Table &nd the factors
i on the right-hand sides of Eqgl0), the effect of the anti- Cioa K@ kal o (ka kya
X . ; ; +X,le sin| —+—|—¢€™sin —— =
unitary operatiorK C,, on 7y is equivalent to complex con- 2 2 2 2

jugation:KCyy 1= 77 .

As seen from Eqs(10) and Table |, the order parameters Here X, , are arbitrary real constants. The polynomial ex-
A, andAg vanish at the poles of the Fermi surfacg=Kk, pressions for the basis functions from Table | are recovered
=0, while the order parametersizand Azgvanish at the in the limit of a “small” Fermi surfacek— 0 [note thatf g(k)
equatork,=0. One can prove that these gap zeros are nofrom Table | can be obtained by including the next-nearest
artifacts of our choice of the basis functions but are imposedieighbors in expansiofiL2)]. It should be noted that these
by symmetry. Indeed, one of the elements of the unitarynearest-neighbor results also give gap zeros not required by
componentC,y, of the magnetic point group is the basal symmetry, e.g.fg(k)=0 on the plané,=k, . These “acci-
plane reflectioro,= C,,X|. Therefore, dental” zeros will be removed if higher-neighbor terms are
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included, but if nearest-neighbor terms turn out to be domi- TABLE Il. The character table and the examples of the odd
nant, experiment could find indications of these accidentabasis functions for the irreducible co-representations of the mag-
zeros. netic point groupDs(Cs), w=e?""3. The overall phases of the
The order parameter on the pseudospin-down sheet of tH@sis functions are chosen so thet (k) =fr (k).
Fermi surface i\ _ _(k) [in terms ofd(k), it corresponds to
d,=d,+id,, and the relevant basis spin vectorxsiy,
which transforms according to thtE representatiop ltsk A 1 1 1 ket Ky + K,
dependence is given by the following expressions:

E C3xyz C:‘:xlyz fF(k)

'E 1 w o* e "Bk, —k,+e' ™k,
A__ a(K)=inafo (K), 2 1 w* © e ™R, — k,+e ™K,
A__ g(k)=ingfi_(k), (13

p-wave equal-spin-pairing superconducting states studied in
A__1g(k)=i nlEfA(k), Ref. 2; in these terms) , , 1 corresponds té-wave pairing.

In Ref. 4, a simple phenomenological model of the phase
A__ 2e(K)=i7, fg(k). diagram of ZrZp was proposed. The basic idea was that the

) E

underlying order parameter is a vector quantity transforming

If we take into account the interband pairing interaction ofaccording to a three-dimensional representation of the cubic

the formCLka LCir C_w_, thenbothA, , andA__ are group. Then, the exchange-type interaction of the magnetic

nonzero and correspond to the same irreducible corepreselfp-oments of Cooper pairs with the ferromagnetic magnetiza-

tation of the magnetic point group. Comparing E@<€) and t|ontipllt§ the syperlgtondfutcr:mg ((:jrmcal temptera'?ure at?]d Iov:—
(13), we see that, although the orbital symmetriesAaf, ers the dimensionality ot the order parameter from three 1o

and A are different, they have symmetry-imposed gapone. In this model, the order parametdrg and Azg are the

nodes at the same locations on both sheets of the Fermi SLRQSSible ones, and the experi_mental de_terminatio_n .Of the gap
face. For example, if the order parameter corresponds to theY™Metry will thus be helpful in assessing the validity of the

. del.
A corepresentation, then botl\ , A(k)~fig(k) and model. . : .
A__ A(K)~f2g(k) have point nodes dt—k,=0. A similar analysis can be done if the easy axis for mag-

The gap nodes disappear only if the interband pairing in_netization ig111]. In this case, the band spectra are invariant

. T . under the operations from the grolay, the relevant mag-
teractionsc,, ¢_ _Cy_C_ys . are taken into account. These __: . . .

X ’ : netic point group i9;(Cz), and transformation rulg$) and
terms induce a nonzero order parameier_, whose mo-

mentum dependence in the triplet channel, according to Eqs(.fq) for the order parameter are replaced by

(8) and Table I, is given byA. _ (k)~f(k), where I’ A (K)—e 278\ (czt
=A,B, 'E, or 2E. To see explicitly how the structure of the ++(0= ++(Can),
nodes in the different components of the gap function is i .
I I p gap 1u I | A__(k)ﬂe“' ISA——(CE}xlyzk)’ (15)

translated into zeros of the spectrum of Bogoliubov quasipar-

ticle excitations, it is necessary to diagonalize the Hamil- 1
tonian of Eqs(6) and(7). This gives the following condition Ay (K—=A4 (Cayk)
for the energyE (k) of a quasiparticle to be zero at sokke |,nder rotations,,,, and

-1

5152—+61|A——|2+52—|A++|2+5+f—(|A+—|2+|A—+|2) A++(k)HA:+(C 1),

2xy
+|detA|?2=0. (14
* oL
The condition for zeros in the excitation energy on the" A,,(k)—>A,,(C2ka) (16)
sheet of the Fermi surfacgi.e., at €,(k)=0] is that . .
A, (K=A,_(k)=0, while for zeros in the excitation en- Ay _(K—=AL _(=Cyk),

ergy on the “=” sheet [i.e., ate_(k)=0] we must have

_ _ ; der the combined operatidtC,y, .
A__(K)=A, _(k)=0. Thus a nonzera , _ will remove the under : 2xy s
nodes in the spectrum of elementary excitations. For ex- USINg Table Il, we obtain the following dependences of

ample, A, a(k)~fa(k) does not vanish ak,=k,=0, so the order parameter at the pseudospin-up sheet:
that these point nodes should be filled. However, as dis- A (K =i 7af1 (K)
cussed above, this effect is expected to be negligibly small. A AT 1)

In the absence of a complete understanding of the micro-

scopic mechanism of the superconductivity in ZsZone Ay (k) =in fo (K), 17
cannot tell which order parameter from lists0) and (13)
corresponds to the highest critical temperature. For example, A 2e(K)=in fa(K).

if the superconductivity is due to the exchange by spin fluc-
tuations, then, at vanishing spin-orbit coupling, the order paAs above, the factors here guarantee that the action of
rametersA, ; o,A, . g, and A, 2z correspond to the KCy, on 7y is equivalent to complex conjugation.
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A consequence of the above results is that there are npaper for a detailed treatment of the basic ideas, and here
gap nodes forAzg whereasA, and Aighave point nodes give an extension of the arguments which is necessary for
where the linek, =k, =k, cuts the Fermi surface. For com- treating magnetic groups.
pleteness, we also give the expressions for the basis func- If a symmetry operation of the crystéle. an element of
tions of the magnetic point groups(Cs) in terms of the jts magnetic point groupleaves the wave vectdr charac-
lattice Fourier series in the nearest-neighbor approximationterizing a given electron state invariant, then the interaction

e L of this electron with certain phonons can be shown to be
Fa(k) =Sy +S, + S5 +iM(S, +5, +S5), zero. Consider a phonon of wave vectpand polarization
direction e. The interaction of the given electron with the
given phonon can be shown to be zero if the symmetry op-
L B o eration causes an odd number of changes of sign of the two
fo (K =wS] +0*S; +S; +ig(0S; +0*S, +S;), quantitiesiq and e (the factori is important because the

. v time-reversal operation contains complex conjugatidine
wiuire' St _;T(L(Xa//z; kyals)),\ 2 —sm(kyaﬁi kza/2) ,I and transformation rules fok, g, ande are as follows{i) Under
S; =sinfa/2xk,a/2), and k5 are arbitrary real con- the point-group operatiorR, they transform like polar vec-

f1 (K =0*S] +0S; +S; +iNy(0* S| + S, +S;),

stants. : o N . .
For the order parameter at the-"-sheet of the Fermi tors, i.e.,k— l?l k etc.(_nl) Under the corﬁ)lned opera_tlons
i KR, k—=—R "k, e-R "¢, and g——R "q, so thatiq
surface: Y .

—IiR7-q. For example, suppose that the magnetic group

A__ A(K)=i7maf, (K), contains the symmetry elemelC,, . The wave vectork of

' £ electrons lying in thé,=0 plane are invariant und&cC,, .
A 1g(K) =iz, fa(K) (18) According to the rule just stated, these electrons have zero

_— . ,

interaction with transverse phonons having their wave vec-
tors along thex axis because, under the operatl€,, , iq
remains invariant, bu¢ changes sign.

As shown above, one should expect the order parameter
) e in ZrZn, to have nodes iM||[001], when the magnetic point
nodes Tatl<%5=ky=kz. If th(_e |nterbar_1d hybridization of the group isD4(C,). The gap nodes are always active for longi-
form €, €7y . Cy—C—,— IS taken into account, the order y,qina| sound waves. If the order parameter has point nodes
parameters are nonzero on both sheets of the Fermi surfac[%A or Ag in Egs.(10)], then these point nodes are inactive
From Egs.(17) and (18), we see that bothd,, A(K)  for the transverse waveBL00 andT110 polarized either in
~fy (k) and A A(k)~f5 (k) vanish on the linek=ky,  the nasal plane or alori§01], and also for the waveE001
=k;. The gap nodes disappear only in the presence of thgolarized either alon§100] or [110]. (By definition, aThkI
interband pairinchcikv,Ckr,kar&, which induces the sound wave is a transverse wave having its wave vegtor
order parameted , (k) ~fr(k), wherel'=A, 'E, or 2E. along the[hkl] direction) If the order parameter has line
Again, we expect\ ;. _ to be negligibly small in the presence nodes in the pland,=0 [Aiz or A2z in Egs. (10)], then
of a large exchange field. these line nodes are inactive for the transverse wav&®

The presence of gap nodes would manifest themselves iand T110 polarized along001], and also forT001 waves
power-law temperature dependences of the thermodynamisolarized either alon§100] or [110]. Note that the attenua-
and transport propertiéd=or example, the electronic specific tion of theT100 andT110 waves polarized in the basal plane
heat at low temperatures should B€T)/T=y,+ ¥, T for  can be used to distinguish between the equatorial line nodes
the line nodes an€(T)/T= y,+ y,T? for the point nodes. and the point nodes, because the former are active but the
The temperature-independent contributions on the right-hanktter are inactive. The presence of unpaired electrons on one
side of these equations come from the normal excitations aif the sheets of the Fermi surface will not cause difficulties
the unpaired sheet of the Fermi surface. If the magnitudes af symmetry determination by ultrasonic attenuation, as this
both order parametezsi areA? are comparabléve expect  will simply make a contribution to the low-temperature
this to be the case only if the spin-orbit coupling is strongtemperature-independent background, which is easily distin-
enough, then y, is absent and a power-law dependenceguished from the temperature-dependent contribution of the
should be observed. gapped shedbr sheetsof the Fermi surface.

One of the most powerful methods of determining the To summarize, we have studied the symmetry of the su-
presence and the location on the Fermi surface of gap nodeerconducting order parameter in ZgZnf the spin-orbit
in unconventional superconductors has been ultrasonicoupling is weak then superconductivity should appear on
attenuation®!° The method is based on finding which only one of the sheets of the Fermi surface. The interband
sound waves are particulary weakly attenuated by the nodalcattering can, in principle, induce nonzero order parameters
guasiparticles. Nodal quasiparticles are “inactive” in attenu-on other sheets and also fill the gap zeros, but we expect
ating a particular sound wave if the electron-phonon interacthese effects to be small. The symmetry of the order param-
tion for the nodal quasiparticle with the particular soundeter depends on the direction of the easy axis for magnetiza-
wave is zero. Symmetry arguments determining the inactivéion. If M||[001], then the magnetic point group By(C,),
nodes were developed in a previous papatie refer to that and the order parameter goes to zero on the Kipek, =0

A__ (k) =i ﬂzEflE(k)-

There are no gap nodes fan_, butA, andAzghave point
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for the gap symmetried and B, or on the planek,=0, tries 'E and 2E. It should be possible to fix the magnetiza-
+ m/a for the symmetries’E and °E, on both sheets of the tion densityM along an arbitrary crystallographic direction
Fermi surface. The positions of the gap zeros can be probegy the application of an external magnetic field, and hence to
by ultrasonic attenuation measurements, and to assist in thfetermine the gap structure for ZrZfor M along botH{001]
design of appropriate experiments we have given a detailegind [111] and to find the changes that occur whighis
discussion of the zeros of the electron-phonon interaction iRgtated from[001] to [111].

ferromagnetic ZrZp which are imposed by the magnetic

point symmetry. IfM|[[111], then the magnetic point group We acknowledge a stimulating discussion with Louis
is D3(C3), and the order parameter has point zeros on thdaillefer and support from the Canadian Institute for Ad-
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