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Fak, van Dijk, and Wills (FDW) question our analysis of elastic neutron-scattering experiments in the
antiferromagnetic phase of UPtThey state that our analysis is incorrect because we average over magnetic
structures that are disallowed by symmetry. We disagree with FDW and reply to their criticism below. FDW
also point out that we have mistaken the magnetic-field direction in the experiment reported in N. H. van Dijk,
B. F, L. P. Regnault, A. Huxley, and M-T. Femdez-Daz, Phys. Rev. B8, 3186(1998. We correct this
error and note that our previous conclusion is also valid for the correct field orientation.
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We disagree with the claim of ket al that our analysis to understanding the magnetism and to analyzing the pos-
of elastic neutron-scattering experiments in the antiferrsible magnetic structures in the heavy fermion compound
magnetic(AFM) phase of UPRtis incorrect because we av- UPt.
erage over magnetic structures that belong to different irre- In our analysis, we considered a general model for;UPt
ducible representations of the crystallographic space grougompatible with the available datdWe selected one irre-
Classification of magnetic structures and magnetic phas@ucible representation dbe, that is consistent with elastic
transitions on the basis of irreducible representations of th@utron-scattering data in zero field. If we neglect the spin-
space group and time inversion neglects the fundamental rol@ttice couplings then only the relative orientations of the
that exchange interactions play in magnetic phase';ltomlc moments in the magnetic unit cell are fixed by the

transitions~° Exchange interactions are invariant under con-Primary irreducible representation. Anisotropy energies are

tinuous rotations of all the moments, and typically dominatea_lso included to resolve, or partially resolve, the degenera-

: : . f the exchange representation.
the anisotropy energies that couple the atomic moments t8€> © ; . .
by 9 P Neutron scattering and x-ray experiments in 4JBtiow

the lattice. Classification of magnetic structures based on the _ _ s e 11
exchange group accounts for the wide variety of magnetiéFM order with propagation vectoq, =a; /2. The mag-
structures that are observed in magnetic materials. The Shup€tic U ions occupy two symmetry-equivalent positions in
nikov classification, which does not take into account the€ Unit cell. The magnetic representation has six dimensions
higher symmetry of the exchange interactions, disallows 7€ times the number of magnetic ipn&ntil very re-
some of these structurés. cently, the crystal structure of UPtvas thought to be hex-

. 4
Thus, for a magnetic instability driven by exchange inter-2gonal with space groupg,. However, a recent x-ray-

actions the primary irreducible representation is based on th%'ﬁra(:tIon experiment revealed a lower trigonal symmetry

; 3 12 ; ;
combined group of continuous rotations in spin space, thgsvétr?t;pfﬁigéoggggéor#n Oesltgder.nctisse.’ tg?]en_q;g]nee;sorr?;r?é i
crystallographic space group, and time reversal,. The tl i Th f ltoh : X d tl f ! tp
. . . . resentations. Three of these correspond to ferromagnetic
|rredu0|t_>le representatmns of .the exchange group comblnﬁ:M) alignment of the ions in the unitpcell' the other tr?ree
several irreducible representations of the space gtdunus, '

not only are magnetic structures corresponding to irreducibléepresem"’ltlons correspond to AFM alignments. The align-

representations of the space group allowed, but on the Cor[pent of the magnetization or sublattice magnetization may

trary, structures that are a combination of irreducible repreb€ along thex, y, or z axes. However, these six structures
sentations of the space group, but belong to one exchand&® co.nnected with only two exchan.ge representations corre-
representation, are also possible magnetic structures. Marjponding to FM or AFM alignment in the unit cell. Table |
examples of magnetic structures with these types of “mixedNOWs the irreducible representations and basis functions of
space-group representatiods” are described in the

3

. 2.8 .
literatures _ ) ) space groupByg,, andD3, grouped by exchange multiplets. FM and
In most materials the magnetically ordered phase is dearm refer to ferromagnetic or antiferromagnetic alignment of the

fined by one irreducible representation of the space grougwo U ions on the unit cell. We use the notation of Kovalev in Ref.
due to the anisotropy energies which resolaé least par- 13.

tially) orientational degeneracies within the exchange

TABLE I. Irreducible representations and basis functions of the

representation. However, since the anisotropy terms are FM AFM FM AFM
relatively weak, the energy splitting of differently oriented " R R R
magnetic states are small. Thus, magnetic domain structures, T2: X 771X T2 X T3 X
and particularly their response to magnetic fields, should b&3h 5y 75l Y D34 5y iy
analyzed using the nearly degenerate states within the full Te: Z T30 2 iz 72

exchange multiplet. We believe this is the correct approach
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the crystallographic space groupg,, and D3, grouped by average over different distributions of domains. We also pre-
their corresponding exchange multiplets. sented results and predictions for the single magnetic struc-

Our study is based on a free-energy functidiad. (9) of ~ ture with the magnetization parallel to the propagation vec-

Ref. 10 which includes the exchange, anisotropy, and Zeelor. The authors of the comment seem to have overlooked

Eq. (9) of Ref. 10 restricts the order parameter to the basalSingle representation of the space group, ds étal. advo-
plane. In addition, the in-planéhexagonal anisotropy en- Cate, would be the only relevant structure.

ergy favors alignment of the moments along any of the three We did mis(;ake ItQh?‘ rrl%gnleticr—]field direction in the eﬁpiri—
directions perpendicular to the hexagonal lattice vectorsr.nxi)netrirrﬁgg,[ttehe 1|‘?e| d 3vés aionngtthi feogifr%tcgﬁgtrt]iiterydi(r)ecttic?rtm
Note that the form of the anisotropy energy is the same foF_ 1.2,0]. The ratios reported in Eq5) of Ref. 10, and in

: 4 3
either D, and D3y symmetry groups. The effect of a mag- the paragraph that follows that equation, should be modified

netic field on the AFM order is included through the Zeeman, 4 ¢oi1ows. When only domain “1” is populated we have

coupling to the atomic moments, which in general mixes
different nearly degenerate representations of the space r=1. D
group within the exchange multiplét.The competition be- For a crystal with equally populated magnetic domains, the

tween the anisotropy energy and the Zeem"’?ﬂ cou_plmg Nzorrect ratio between the scattering rate at high field and zero
duces hexagonal modulations of the upper critical field as

function of the orientation of the field in the basal plane at eld is

the transition to the superconducting ph&¥.The in-plane 1-[0.441 cosfy + m/2) 2

anisotropy energy is small, since a large in-plane anisotropy = i HTT =0.809. (2)
energy would produce an orthorhombic modulation of the (1-[0.441co66)]?)

upper critical field, which is not observed. Higher-order an-

isotropy term& which might resolve the remaining degen- Our previous conclusion, stated for the incorrect field orien-

tation, is unchanged for the correct field orientation; it is not

eracy an_d thus favor alignment .Of the moments along th%ossible based on existing data to conclude whether or not
propagation vector of the magnetic order would be extremel)fhe U moments rotate with the field. because of the small

small. Therefore, the three structures shown in Fig. 1 of Refc@ange in intensity that is expected for this Bragg peak and

10 are degenerate’. or qua&degenergte, and should be ConsiGe large error bars that are reported for the intensity.
ered in the analysis of the magnetic structure and neutron We also concluded that, in order to understand,URdg
’ 3 -

sc?:ttermgt;hln the pret:_;ence Ef_atn m-_glane magtngtll;: f'ald'd netism in the presence of magnetic field or under pressure,
rlc;m € magne Ic pea !n ens! 1es reporte y. ay er%ystematic, zero-field measurements of the intensity of a
etal.™ we estimate that the intensity g§=[1/2,0,0 is at  nymber of magnetic peaks in the same single crystal, such as
most 12% of the intensity &®,;=[1/2,1,0. From this ratio  those reported in Ref. 20, need to be carried out. Further-
we estimate that between 4% and 8% of the sample display®ore, our hypothesis that intrinsic stacking faults pin the
magnetic moments nonparallel to their propagation vaﬁ;{or AFM domain walls in theab plane and fix the spatial distri-
(in this cas@ As F& et al. discuss in their comment, it is bution of domains with different propagation vectors has
expected that a macroscopic single crystal should shoween recently reinforced. For uniaxial pressures applied to
equally populated magnetic domains when only the configuthe basal plane a significant increase in the magnetic inten-
rations with moments laying parallel to the propagation vecsity has been reportétin contrast with the relatively small
tor of the magnetic order are present. An indication of un-change in a magnetic fiefd:** Pinning by intrinsic stacking
equally populated domains is shown in Fig. 1 of Haydenfaults may help explain this difference, since the applied
et al; the magnetic Bragg peaks with propagation vectorgnagnetic field leaves the distribution of regions with differ-
(532[—1,3/2,(] and(52=[—3/2,1/2,(] show only 50% and ent pr_opaga_tion vectors un_altere_d. However_, uniaxial pres-
60% of the intensity of the peak @ ~[1/2,1.0, respec- sure likely disturbs the configuration of stacking faults lead-
i 18 ) 1 S Z ing to a stronger effect on the magnetic structure.
tively. Haydenet al™™ do not display the intensities af, In conclusion, our analysis of the neutron-scattering data
=[0,1/2,0 andqgz=[1/2,—1/2,0], so it is not clear whether is based on a sound theoretical model for possible magnetic

they are larger or smaller than the intensity g§  Structures in URt which is more general than would be

=[1/2,0,0. If they are smaller than the intensity é’& allowed based on a single irreducible representation of the
=[1/2,0,0 it would prove that only a small fraction of the SP&c€ group. The relative importance of exchange interac-
sample display magnetic order with moments non parallel tdions leads naturally to mixed irreducible representations of

thei i tor. C v, if the intensities.at the crystal space group, which are relevant because they are
€ir propagation vector. Lonversely, 1t the intensities|a energetically allowed. Our approach also includes and made

=[0,1/2,q andqs=[1/2,~1/2,0] are larger than the inten- predictions[Eq. (1) and Eq.(8) in Ref. 10 for the magnetic
sity atq,=[1/2,0,0, this could mean that a larger proportion configuration with magnetic moments parallel to the propa-
of the sample displays moments nonparallel to the propagagation vector of the magnetic order. As we concluded in Ref.
tion vector. 10 the experimental data is roughly consistent with this con-

Thus, in our analysis we consider the possibility of degenfiguration or with one where two unequally populated do-
erate, or nearly degenerate, magnetic structures by making amains are present.

216402-2



COMMENTS PHYSICAL REVIEW B 66, 216402 (2002

*Present address: Department of Physics and Astronomy, Clemson W.P. Halperin, and M.J. Bedzyk, Phys. Rev. @, 054522

University, Clemson, SC 29634. (2002).
!B. F&, N.H. van Dijk, and A.S. Wills, preceding Comment, Phys. 130, V. Kovalev, Irreducible Representations of the Space Groups
, Rev. B66, 216401(2002. (Gordon and Breach, New York, 1965
J.-C. Toledano and P. Toledandhe Landau Theory of Phase 14aAnisotropy energies can also couple an AFM representation with
, Transitions(World Scientific, Singapore, 1987 the FM order parameter belonging to a different exchange mul-
I.E. Dzyaloshinskii, Zh. Esp. Teor. Fiz.46, 1420 (1964 [Sov. tiplet. This leads to weak, Dzyloshinski-Moriya ferromagnetism.

Phys. JETPL9, 960(1964)]. i

“A.F. Andreev and V.I. Marchenko, Zh kBp. Teor. Fiz.70, 1522
(1976 [Sov. Phys. JETR3, 794 (1976)].

SA.F. Andreev and V.. Marchenko, Usp. Fiz. Nad8o (1), 39
(1980 [Sov. Phys. Usp23, 21 (1980].

5Yu. A. Izyumov, V. E. Naish, and R. P. Ozerd\eutron Diffrac-
tion of Magnetic Materials(Consultants Bureau, New York,
1991).

"For some materials, such as the orthoferrites, approximately 20%, i )
of the magnetic phases are described by multiple irreducible S:M. Hayden, L. Taillefer, C. Vettier, and J. Flouguet, Phys. Rev.
representations of the space grqief. 8. 10 B 46, 8675_(_1993'

8A. Oles, F. Kajzar, M. Kucab, and W. Sikorslagnetic Structures N.H. van Dijk, B. F&, L.P. Regnault, A. Huxley and M-T.
Determined by Neutron DiffractiofiWarszawa, Krakow, 1936 Fernandez-Daz, Phys. Rev. 58, 3186(1998.

9 Anisotropy energies, which arise from spin-orbit, dipolar, and in->"A.l. Goldman, G. Shirane, G. Aeppli, B. Batlogg, and E. Bucher,
direct interactions, may also lead to mixing of magnetic struc-  Phys. Rev. B34, 6564(1986.

Since the induced magnetization couples linearly to the external
field we included this correction in our analysis, in addition to
the quadratic Zeeman couplirigef. 10.

15N. Keller, J.L. Tholence, A. Huxley, and J. Flouquet, Phys. Rev.
Lett. 73, 2364(1994.

163.A. Sauls, Phys. Rev. B3, 8543(1996.

For example, terms resulting from the coupling of different ex-

change representations.

tures belonging to different irreducible representationSgf. IN.H. van Dijk, P. Rodiee, F. Yakhou, M.-T. Fernalez-Daz, B.
103, Moreno and J.A. Sauls, Phys. Rev6B 024419(2001). Fak, A. Huxley, and J. Flouquet, Phys. Rev. &8, 104424
The propagation vectorg,=aj%/2 andq,=(aX —a})/2 are also (2002.

present since the wave vector has three arms. 22B, Lussier, L. Taillefer, W.J.L. Buyers, T.E. Mason, and T. Pe-

2D A. Walko, J.-I. Hong, T.V.C. Rao, Z. Wawrzak, D.N. Seidman, tersen, Phys. Rev. B4, R6873(1996.

216402-3



