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Mean-field model of the ferromagnetic ordering in the superconducting phase of ErNB,C
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A mean-field model explaining most of the details in the magnetic phase diagram gBEENs presented.
The low-temperature magnetic properties are found to be dominated by the appearance of long-period com-
mensurate structures. The stable structure at low temperatures and zero field is found to have a period of 40
layers along the direction, and upon cooling it undergoes a first-order transition-at2.3 K to a different
40-layered structure having a net ferromagnetic component of aboug (4. The neutron-diffraction pat-
terns predicted by the two 40-layered structures, above and bielovare in agreement with the observations
of Choi et al. [Phys. Rev. Lett87, 107001(2001)].
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A number of the (R)NiB,C compounds are normal ErNi,B,C, and to start with | neglect the influence of the
stype superconductors with B, of the order of 10 K. The superconducting ordering on the magnetic properties.
superconductors are all of type Il withain the range of The crystal-field parameters of the Er ions have been de-
6-12. They are magnetic due to the rare-earth ions and itermined by Gasseet al. from the crystal-field transitions
four of the compoundsR = Dy, Ho, Er, or Tn) the rare- observed by neutron scattering and from the high-
earth ions are antiferromagnetically ordered in the supercoriemperature susceptibility dataThese parameters are used
ducting phasé.The ordering wave vecta® in Er borocar-  in the present work except thaﬁ has been scaled by a small
bide is along ama axis and has a length of about 0.6& factor (1.08), see Table I. The ground state is a doublet, and
units of 27T/a), and the ordered moments are a|0ngaK]b) an excited doublet is Iylng Only about 0.6—0.7 meV above
axis perpendicular t®; the Neel temperature i§y=6 K the grpund state. This configuration leads to a_four-clock
and T.=11 K. The rare-earth ions are placed in a body__behawor of t_he momen_ts at low temperatures, i.e., the Er
centered tetragonal lattice, and in the case ofa&rb lons ‘are easily magn_etlz_ed alofg00), they _are_hard to
—3.502 A andc=10.558 A. It was proposed already in magnetize along thedirection, and whe|_f1 the field is applied
1996 that the Er ions in ErbiB,C develop a small ferromag- along (110 the moments are approximately a factg?
netic component in addition to the antiferromagnetic one be_smaller than the moments in t(&00) case.

low 2.3 K2 This makes the Er compound particularly inter- Detlefset al. have observed that the antiferromagnetic or-

esting as presenting the case of a weak ferromagnetic statgrmg In ErNpB,C is accompanied by an orthorhombic dis-

I . ortion of the lattice, so thaa/b—1=¢€;;— e,,~2%x10 3 at
existing well belowH .. The ferromagnetic moment at 2 K 3.7 K10 Because of this observationllthe 21‘20llowing quadru-
was estimated to be 0.3 per Er ion creating an internal pole coupling is included in the modél'
magnetic field 44M=0.60 kOe close to the estimated value
of the lower critical fieldH.;. Kawanoet al® did detect a
ferromagnetic moment below 2.3 K in a neutron-diffraction Hime=— > Z KJ[0Z(1)(03)— 3(03)*]. (1)
experiment, but saw no sign of a spontaneous vortex phase. bom==2
Recently, Choietal" have made a detailed neutron- o gefinition of the Stevens operators may be found in Ref.
d|ffract|9n experiment in which the_y measured all the_hlgherll_ (OF') is the expectation value of the operator averaged
harmonics of the antiferromagnetic structures occurring Jusp e azll ions. The contribution to the free energy of the
above and below the Curie temperature, and they conclud odulated qLiadrupoIar momeri& the wave vector Q) is
that the structure at_1.3 Khas a ferromagneu% component g factor of 100 smaller than that of the uniform term and is
about 0.5% per Er ion. Kawano-Furukawet al” have per- neglected. The value CK;Z is undetermined, but is only of

formed the same experiments as Cledial. and obtained minute importance for the model and is assumed to be equal
similar results for the scattering cross section. : .
g <% The calculated value ¢f03) is 34.6 at 3.7 K. Assuming

It is known that the superzone energy gaps on the Fer 4 : .
surface induced by the antiferromagnetic ordering may hav&C11~ C12)/2 to be about 510" ergs/cn (consistent with
a Debye temperature of the order of 400 en the dis-

a strong effect on the superconducting order paranfié®n . o
the other hand, the superconducting order parameter does Hgftion observed by Detlefet al. 2|n<§|cates a _\galue of
seem to affect the antiferromagnetic ordering, but is of im-Ky=(L/2N)(C11—c1o)[ (€11~ €25)/(03)]*~0.7X 107" meV.
portance for a ferromagnetic system at low fields. The

Anderson-Suhl effed, that the Ruderman-Kittel-Kasuya- TABLE I. The Stevens operator parametérseV).

Yoshida(RKKY) of the rare-earth ions is strongly reduced in o o 4 o 4
L . B B B B B

the long wavelength limit, has been demonstratecbe im- 2 4 4 6 6

portant in TmN;B,C. Here, | shall mostly concentrate on —0.0173 0.14%10°3 —3.3x10°3 —0.122<10°% 2.16x10° 5
understanding the behavior of the magnetic moments ia
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TABLE Il. The planar two-ion coupling parameterg €V).

n 0 1 2 3 4 5 6 9 LD
J.(n) 5.847 —3.816 -4.786 —0.650 1.500 —1.500 0.29 0.29
J(n-J.(n) —14.286 -3024 3106 —0630 0.250 —0.084 0.030

This value is close to the one used in the final f(tfy tive differenceJj(q) — 7, (q) of the same order of magni-
=K;2=0.8>< 10"% meV. The magnetoelastic coupling is tude as the Heisenberg term itself, and it favors strongly the
not essential for the model, but it improves clearly the fits totransverse polarization of the oscillating ordered moments.
the magnetization curves discussed below. Due to the singular behavior of the dipole sum the difference
The two-ion interaction is assumed to be the sum of ds cancelled at zero wave vector, i.g}(q) makes a jump by
Heisenberg interaction and the classical dipole—dipole interd7Jp=15.0 ueV in the limit of g— 0.
action: The neutron-diffraction experiment of Chait al? re-
vealed a large third harmonic beloW/2. This shows that
4 . 1 . the modulation of the ordered moments approaches a square
Ho=—2 ,EJ J)3i-Ji= 3 ,EJ ToDapliidiadip (2) wave, and thereby that commensurable structures become
stabilized. The commensurable structures appearing may be
with 7o =N(gup)’=1.194 neV and rather complex limiting the possibility of deciphering the
neutron-diffraction experiments. It has previously turned out
(ria_rja)(riﬁ_rjﬁ)_|ri_rj|25aﬁ 3 to be of great value to assist the analysis of diffraction ex-
NJr,—r;[° - @ periments by theoretical model calculations of the stability of
the structures which may occur. This has been the case in the
The two-ion Hamiltonian is accounted for in the mean-ﬁeldstudy of the |ong-peri0d commensurable structures in the
approximation, J;- Jj=J;-(J;) +(J;)- J;—(J;) - (J;). All the  elemental erbium and holmium metals*The method used
ordered structures are described by a wave veQt@ong  here is the same as in the previous works, i.e., the free ener-
the a axis and consist of ferromagnetic sheets perpendiculagies of different commensurable structures are calculated
to Q. This means, first, that the different positions of the ionswithin the mean-field approximation, by a straightforward
in the two sublattices have no direct consequences, corrgteration procedure, and the results are compared with each
sponding to the use of a double-zone representation alongther in order to identify the most stable structure.
(100, and, second, that only the total couplings between the The mean-field model presented above accounts for a
different ferromagnetic layers are important in the model.great part of the observed properties of BBC. Figure 2

.. 3
Daﬁ(” ):

The interplanar coupling parameters are shows the magnetization curves calculaté® & in com-
parison with the experimental results. All the calculated re-
Ji ()= J(0j)+ ToDy 1 (0) (4) sults are based on commensurable structures derived from
It r..a:znaz,z[ ) pDy.1 (0D the basic structure a@=3. At low temperatures the mo-

: ments have an averaged magnitude of about.g.and in

and the corresponding Fourier transforgig, (q). The pa-  gne ferromagnetic layer they are either pointing pardli!
rameterJ, (q) is the coupling between the components of o antiparallel(d) to theb axis (Q[a). In theQ=1% structure
the moments within tha—b plane perpendicular tg. the ferromagnetic layers perpendicular to thaxis are po-

The final values of the coupling parameters are given iNgrized subsequentlyudduudd. . . along thea direction.
Table II, where7, (n) have been derived from the fitting of

the experimental results ag(n) — 7, (n) have been calcu-
lated using Eq.(3). The analysis indicates thaf, (q) is 20
strongly peaked atj~Q. In order to create such a peak |
have introduced the long-distance coupling parameter
J. (LD), in terms of which

J11[010]

J.(n)=7,(LD)cog0.55%7); n=10,11 ...,16.

The remaining couplings fan=0,1, . .. ,5, and $ave been
considered individually as independent fitting parameters.
The results for7, (q) and Jj(q) are shown in Fig. 1. The
most important model parameters are the wave vector at
which 7, (q) has its maximum, a®,=0.558 a*, the maxi-

J11[100]

Two-ion interaction (LeV)
L
o o

mum value itself7, (Qq) and J,(0)=J|(0)=—12 peV. =00 02 04 06 o8 10

The latter value is determined from the high-field magneti- (h,0,0)

zation, and the parametef, (Q,) is assumed fixed at ”

21.56 weV, which leads to a mean-field value dfy FIG. 1. The perpendicular and parallel components of the two-

=6.0 K. The classical interaction gives rise to a large negaion interaction in ErNiB,C along[100].

140514-2



RAPID COMMUNICATIONS

MEAN-FIELD MODEL OF THE FERROMAGNETC . .. PHYSICAL REVIEW B 65 140514R)

T T T T T T T LELALELES B RLEL SLAY LA AL ELES NS N SLEL AL NS BRI A B

10 -
H I [100]

H 11 [001]

o 8 i

i

=2

% HII[110]

2 6 cvmmn-

(o] —

o =

=

3 4 I &

(@3]

s 8

2 Z

2
o
=

| £ | |
0 10 20 30 40 50
Applied Magnetic Field (kOe)

FIG. 2. The magnetization curves of EgB,C at 2 K. The open
circles are the experimental results of Gétoal!* The crosses con- : ; ;
nected by dashed lines show the experimental results of Canfield NP I TN

dotdlas 2 s

et al? The remaining solid and dashed lines are the calculated re- 02 03 04 05 06 07 08
sults. The experimental and theoretical results in the case of (h,0,0)
H|[[100] have been shifted upwards by 2 units.

FIG. 3. Scan alondgh,0,0] at T=1.3 K, 2.4 K, and 4.38 K,

. . . measured with unpolarized neutrons. The data have been offset for
Structures with larger values @ are derived from this clarity. The figure is a copy of Fig. 1 from Ref. 4 in which the

structure by a periodic replacement of one or more of the . . X : _
uu.(dd). double Iayeérs with a single(d) Iayer, the so-called ﬁ?lecsl)"ﬁ;evidk;:gcti'r?gofsggtr;:n the different cafiee heavy solid
spin-slip structure$® Important structures in the present case
are theQ= & structure consisting of the eleven layered pe-
riod d(uudd)?uu=d(5p), the eighteen layere@= 3 struc-
ture with the periodl(uudd)?u(dduu)?=d(4p)u(4p), and
the seven layere@=3 structure with the perioduudduu
=d(3p). Experimentally, the length of the ordering wave d(4p)u(5p)u(4p)d(5p)—d(3p)d(5p)d(5p)d(5p)
vector lies in the interval between 0.554 and 0.54@hich
range is covered by appropriate combinations of the three
genetic structures. If the moments are of constant length, that 2.24 K. Numbering the layers from left to right by 1 to 40,
d(5p) and thed(3p) structures have a net ferromagnetic then the transition is accomplished by a reversal of the mo-
component equal t0i;umax and umay, respectively, ments in the layers 9 and 20. The length of the moments
whereas the structuré(4p)u(4p) has no uniform compo- changes slightly from one layer to the next, and the ferro-
nent. magnetic moment is calculated to be Qu33Er just below

If the fundamental harmonic is the only one present thehe transition, and to be 0.40, 0.56, and Qug2Er at 2, 1.3,
free energy has its minimum value at the wave vector aand O K, respectively, in agreement with the experimental
which the two-ion coupling has its maximum, i.e., @,  value$*of 0.33ug/Er at 2 K and 0.5#5/Er at 1.3 K. The
=0.558 in the mean-field model. However, the intensities ofdiffraction patterns of the different structures have been cal-
the higher-order odd harmonics increase as the temperatucellated and are compared with the results of the neutron-
is lowered, which produces a shift of the ordering wave vecdiffraction experiment of Chaét al? in Fig. 3. At 1.3 K the
tor to a smaller value. In the mod€)=0.558 atTy, it  d(3p)d(5p)d(5p)d(5p) configuration gives rise to both
decreases rapidly between 5daB K to become about 0.55 odd and even harmonidshe even ones are marked by ar-
below 3 K. This behavior is consistent with the experimentalrows), twice as many as produced by the
observatiof of a change of the ordering wave vector be-d(4p)u(5p)u(4p)d(5p) structure at 2.4 K. The only dis-
tween 5 and 3 K from 0.554 to 0.548. In the neutron-crepancy of some importance is the large value calculated for
diffraction experiment of Chokt al* the peak due to the the intensity ah=0.7 at 1.3 K. The splitting of the peaks
fundamental harmonic is found to be centere@at0.548 at aroundh=0.45 and 0.65 at 1.3 K may be explained if a
2.4 K, however the higher harmonics indicate that the mairminor part of the crystal is ordered in ti@=2 structure
part of the crystal is actually ordered in a commensurablel(3p)d(5p)d(5p)d(5p)d(5p). Notice, that even this small
structure withQ=3$=0.55. At 2.4 K, the stable structure change of the fundament® (from 0.55 to 0.549 leads to
with this wave vector is the 40-layered structure easily observable modifications in the positions of the higher
d(4p)u(5p)u(4p)d(5p). This structure, like the harmonics. Hence, the overall agreement between the ob-
d(4p)u(4p) structure above, has no ferromagnetic compo-served and calculated positions of the higher harmonics in-
nent. However, due to the increasing importance of thalicates with a high degree of credibility that the main part of

higher harmonics as the temperature is lowered these struc-
tures are found to become unstable. The present mean-field
model predicts the occurrence of the first-order transition
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the crystal is @ =35 structure at 1.3 and 2.4 K. There exist which is probably also responsible for the superconducting
other choices for the low-temperature structure vtk 3 properties of these compounds.

than the one proposed in E), but this structure, which is It is important to realize that the ferromagnetic transition
calculated to be the most stable one, is the only one produgn ErNi,B,C is not due to a ferromagnetic interaction, one
ing a diffraction pattern reasonably similar to the one ob-which is actually strongly negative. The ferromagnetic com-
served at 1.3 K. ponent is a byproduct of the low-temperature commensu-

The model calculations indicate thgf(q) has a sharp raple structure. Even a large change/6) only has a slight

peak atq=Qo, as constructed in terms of the parameterihfyence on the transition, as the exchange-energy gain of
J(LD). If this parameter is neglected the calculated variationys phase relative to the pure antiferromagnetic phase is de-
of Q with temperature, or as a function of field, increasesiermined by the combined contribution of all the even har-
drastically in disagreement with the experiments. In" themonics. This means that the influence of the superconducting
present model all the structures betwé@s 1; ands are SO glectrons on this transition, as for instance through the

close in free energy belo3 K that the model needs to be angerson—Suhl mechanishf,is weak. The model is going
modified in order to differentiate clearly between the differ- 1 he examined more closely in a paper presenting a neutron-

entQ values in this interval. This indicates that the peak ingjffraction determination of the magnetic structures in an ap-
J(q) is possibly even more pronounced than assumed in thSIied field”

present calculations. A strong peak in the RKKY interaction

may be produced by the nesting between different areas on Valuable discussions with P. HededaK. Ngrgaard Toft,
the Fermi surface discussed by Dugdateal.’® a nesting and N. H. Andersen are gratefully acknowledged.
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