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Magnetic ordering in rare-earth fluorides with KY 3F;q structure and axial moments
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The rare-earth fluorides with the cubic KF;q structure contain rare-earth sites having tetragonal symmetry,
with one-third of the sites having symmetry axes aligned along each of the cubic axes. We present the magnetic
properties for compounds in which ¥y Yb%*, Tm®*, and TG* substitute for ¥*. Similar to KDy;F4,
reported earlier, these materials display nearly comglsieg) anisotropy of the magnetic moments along the
local symmetry axis, yielding three orthogonal Ising lattices. Estimates of magnetic exchange are antiferro-
magnetic in all compounds, and the dipole-dipole interaction favors antiferromagnetism in the absence of
exchange in each case. At low temperature, we find that only the Tm compound clearly displays antiferromag-
netic order, while in the Er and Yb compounds we observe a transition to a ferromagnetic state, very similar to
that seen in KDy, We suggest a reason for this by comparing ground state energies as a function of
single-ion anisotropy and the magnitudes of the two interactions.
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[. INTRODUCTION effect of exchange to be drastically reduced, perhaps negli-
gible. Instead we find, in common with certain frustrated

The rare-earth compounds isomorphous with jKY  pyrochlores, notably “spin icéf'that both exchange and di-
have a novel cubic structure, containing three magneticallypolar interactions must be taken into account to understand
nonequivalent sites for the rare-earth ions. The structure wathe KY;F;, compounds. Taken separately, both exchange
first analyzed by Hong and Piefcand is pictured in Fig. 1. and dipole-dipole interactions favor antiferromagnetic order.
The space group is fa&=m3m) but the symmetry of the rare We previously reported that KR, surprisingly displays
earth sites is tetragon&C,,), with the fourfold symmetry ferromagnetism at low temperaturén this paper we de-
axis oriented along one of the three cubic axes. The magnetic
ions are separated by a minimum distance of approximately
3.9 A. To first order, they can be pictured as occupying the
approximate face centers of a simple cubic lattice with a
cube edge half the value of the full structure. They are lo-
cated at the vertices of a network of corner-sharing octahe-
dra, producing a structure which is partially frustrated in the
presence of antiferromagnetic exchange. In several of these
compounds, containing By, Er*, Yb®*, Tm**, and prob-
ably Tb**, the magnetic moments of the rare earth ions are
almost completely anisotropic, with a large component par-
allel to the local tetragonal axis and an orthogonal compo-
nent too small to measure in most cases. These unique ma-
terials thus contain three identical but orthogonal Ising
systems. As a consequence of the structure and the extreme
anisotropy of the moments, simple single-axis magnetic or-
der is not possible and the ordered state must necessarily be
more complex.

These materials share some features with the better-
known tetragonal LiYE compoundg. The rare earth point
symmetry is tetragonal in both cases, and the rare earth sepa-
ration and density are very similain both classes of mate-
rials, magnetic interactions are weak, and the effect of the
dipole-dipole interaction is important. In most of the LiyF
materials, the ordered magnetic state is predicted correctly
by the dipole-dipole interaction alorté.In addition to the
very interesting structural characteristics of the title com- £ 1. The primitive fcc unit cell for the KYF,, structure. The
pounds, we were motivated to study their magnetic propergarkest spheres represent rare earth ions, the lightest ones fluorine,
ties by a curiosity about whether their magnetic order isand the intermediate ones potassium. The rare earth ions occupy the
similarly dominated by the dipolar interaction. Because Ofvertices of a network of corner-sharing octahedra; each ion has
the unusual structure of these materials, in which nearespoint symmetryC,, about an axis oriented parallel to one of the
neighbor spins are nearly orthogonal, one might expect theubic axes.
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scribe the magnetic properties of KEr,, KYbsFi, 04 P
KTmsF;o and KThF,q at least two of which show very ° oo
similar behavior, and at least one of which orders antiferro- ”°
magnetically. We suggest that the antiferromagnetic case is

L
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due to much larger single-ion anisotropy.
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Il. EXPERIMENTAL METHODS

Samples of KEyF, KYbsFp KTmsFi and KThFg
were made by combining and mixing the powders of the
appropriate rare earth trifluoride with KF in stoichiometric 01 11
ratio. The starting materials were dried by heating in vacuum .
at 200 ° C before combining in an argon-filled glove box. To 00 02 04
eliminate residual oxide contamination, 10% MNH-, was 0.0 , : ,
added to the samples, which were then heated in a Ni boat 0.0 05 1.0 15 20
under flowing argon at 350 °C for several hours. Transparent
single crystals of KB~ and KThF,, were grown from the
powdered samples in sealed Ni crucibles using the Bridgman FIG. 2. Inverse susceptibility of KBF;, below 2.0 K. Below
technique, at temperatures slightly over 1000 °C. KFp approximately 0.3 K, the FC susceptibility data are nearly constant
Crysta”ized into a noncubic phase from the me|t, andand equal to about 60% of the demagnetization limit, Suggestive of
KYbsF,, produced only polycrystalline samples with mixed & spontaneous _magnetizatio_n. The_ Zl_:C suscept?bili_ty is much
cubic and monoclinic phases using this method, so these twgnaller_below tk_us knee, consistent with increased pinning of_ ferro-
materials were grown iicubid polycrystalline form using magnetic domain walls at lower temperatures. The insert displays
solid state reaction at 600 °C, in a sealed, evacuated Ni crjn® full range of data below 0.2 K.
cible. Subsequent chemical analysis found no detectible Ni 1 -1
impurities. Powder x-ray diffraction spectra of the completedc@i€d out at temperatures above 10 K, assUMng: x;,
samples were very clean. All peaks could be indexed to the »» Shown in Fig. 3. Herey, is the susceptibility without
cubic KYsFy, structure, with the exception of KTy, interactions, calculated lfzrom spectroscopically determined
which contained a single small impurity peak about 1% of¢'ysStal field parameters;*? and\=-0.070+0.015 mol/crh
the magnitude of the largest peak. We obtain lattice constant$ the mean field interaction constant, fitted to the data.The
of 11517 A (KErsFyy), 11.404 A (KYbgF,), 11.454 A  intercept of the extrapolateg,’~\ vs T plot yields a value
(KTmgF,0), and 11.681 AKTbsF,o), all reasonably consis- for the Weiss constant #y=-0.7120.15 K. W!th'n expert- |
tent with previously reported valudsto mental error, this is the same as the mean-f!eld expectation

Static maanet s . By,=C\, where C=N(2g?+2¢? ) u2S(S+1)/3kg is the low-

gnetic susceptibilities were measured usin —No\3Y T3Y1/MB B \
shaped spherical samplésingle crystal or packed polycrys- emperature Curie constant, calculated from the experimental
talline) with diameters of 1 to 2.5 mm. Above 1.7 K, data 9 factors of the Ef* ground state. These have been measured

were obtained using a Quantum Design MPMS squid mag-

0.2 §

x~! (moles/cm?)

Temperature (K)

netometer, at fields of 10 mT, 30 mT, and 50 mT. Within 20 %

experimental error, susceptibility was independent of field in P

this range. Below 2.5 K, samples were cooled inside the 161 ,,5;‘5/

mixing chamber of a dilution refrigerator, and magnetization = s

was measured using fluxgate magnetometers. Susceptibility g ‘,f"'

measurements were taken at fields of 1, 10, and 50 mT, with % 121 ",.';'"

the lowest field useful primarily at the lowest temperatures. TE: o

Data taken with the dilution refrigerator were normalized to - ,.,;"/

agree with data taken in the squid magnetometer in the range T 087 . b,

1.7-2.5 K. Temperature was measured using a CMN ther- = Y,

mometer at 1 mT, and with a germanium resistance ther- R/ Experimental Data

mometer, down to 70 mK only, at 10 and 50 mT. Both were 04 "/f-;"/’ Free on

located inside the mixing chamber next to the samples. Ac- &, . gw:ﬁg;::gwime

curacy in the temperature readings is estimated to be about 00V , : ry, .

2% above 30 mK, and £0.6 mK below 30 mK. 0 4 8 12 16 20
Temperature (K)

I1l. EXPERIMENTAL RESULTS AND DISCUSSION
FIG. 3. Inverse susceptibility of KgF;o from 0 to 20 K. The
The susceptibility of KE4Fy, in the temperature range upper dashed line is a mean-field fit to data above 10 K, assuming
below 2.0 K is shown in Fig. 2. This material does not obeyy~1=)"1-)\ where y, is calculated from spectroscopically-
a Curie-Weiss law in this region, possibly due to spin-spindetermined crystal field parameters, areé,,/C is the fitted mean
interactions. A mean-field analysis of the susceptibility wasfield parameter.
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by Zeeman spectroscopy to §e=17.6 andy, <0.113 There 30

is a knee in the field cooled data in the vicinity of 0.3 K, ”’

below which the susceptibility is nearly constant .. 251 o

=5.3 cf/mol. The corresponding dimensionless suscepti- P

bility IS Xmax/ Vmo=0.137, nearly 60% of the demagnetiza- o 20l ™ '

tion limit 1/N for a spherical sample, equal {@m/3)™* g oo ,/,

=0.239, whereN is the sample demagnetization factor. This E oo e om  on I

is similar to the behavior observed at low temperature in a g 15y i

variety of ferromagnet¥:'> and very much like that ob- ~

served earlier in the isostructural KEFy,’ Zero-field- e 0T

cooled susceptibilities become much smaller than field- + Zoro Field Cooled Data

cooled values below about 0.3 K, consistent with increased 051 «  Field Cooled Data

pinning of ferromagnetic domain walls at lower temperature, —=== Crystal Field

again very similar to the behavior of KB¥. 0o Y CostlFedwit 6,

Within the mean-field approximation, for a spherical 00 05 1.0 15 20 25

sample, 6, is the sum of parts due to the exchange and

dipole-dipole interaction®® 6= 655+ 63P, where 6P is Temperature (K)

given by a lattice surt® For the KY3F,, materials, the ex- FIG. 4. Inverse susceptibility of K'Y below 2.5 K. The FC

pression is given by susceptibility becomes roughly temperature independent below ap-

proximately 10 mK, with a magnitude equal to 90% of the demag-

Hdip——'u—é ) 5 £_3_sz . netization limit, strongly suggesting ferromagnetism. The inset
w 8CkZB - 9393 r3 5 |1 1) shows the full range of zero-field-cooled data at lower temperatures.

] i From 1 to 2.5 K, the susceptibility follows a Curie-Weiss law.

whereC is the Curie constant argl 3 is thezch_mponent of follows a Curie-Weiss law accurately from 1 to 2.5 K, yield-
the g tensor for the doublet ground state of innThe sum- ing 6,=-0.022+0.009 K and a Curie constant
mation overi is taken over the three independent magnetic- 1 37+0.1 crd K/mol. Two measurements of thg factors
sites in the crystal, while the summation pfs taken over ot yp3+ in the KYsFy, structure have been reported;
successive spherical shells with a thickness of one unit celt5 383 g, =1.310131718and g,=5.363,g, =1.3061° These
out to a radius of 200. The general result for axially symmetya|ues are consistent only with a ¥tground doublet which
fic moments Is is approximately 0.98=1,1,=+2)+0.20=1,3,=5 ).

. 2 Both sets of values yield#;’=0.068 K, leading toé;=
glip = ac: s[— g% (141.00 + g7 g7(140.50 + g(0.50)]. -0.090+0.009 K, again implying antiferromagnetic ex-
4Pkga change. The Curie constant for the ground doublet ot Y

(2)  this structure is calculated to 1¥3°=1.013 cni K/mol us-

. ) ) ) ing the data of Ref. 18, and 1.006 &#/mol using that of
In this formulaa is the cubic unit cell edgey andg, arethe  Ref. 19, both in reasonably close agreement with the experi-
diagonal elements of the axially symmetgdensor, and®  mental value.
=(g7+297)/3. The small size of the final term in this expres-  The inverse susceptibility of the third compound,
sion is due to the peculiar structure of the ¥, materials,  KTmgF,,, is pictured in Fig. 5 from 0 to 2.0 K. It exhibits a
and indicates thatf) by itself is not a good indicator of the sharp, cusplike minimum in the vicinity of 0.2 K, and rises
strength of dipolar interactions when the moment is Isingsharply below that temperature. Between approximately
like. 6 also vanishes, as expected from the cubic symmeg.1 K and 10 mK the susceptibility levels off at a value of
try, when the moment is isotropic. The valuegpin KErsF1o  roughly 35% of its maximum at the cusp; below 10 mK it
is nearly 18, the maximum possible for a doublet state incontinues to decrease. FC and ZFC susceptibilities agree be-
Er¥*, indicating that the ground state consists almost entirelyow the temperature of the cusp down to about 150 mK, but
of |J:%3,Jz:i%3>, for which g;=18 andg, =0. This is pre- below that temperature the ZFC values are substantially
dicted as well by the crystal field analysis. The experimentafmaller. The cusp near 0.2 K is most consistent with an an-

g factors predict 6P=0.047 K, so &=6y-64P=  tiferromagnetic ordering feature, although the maximum in
-0.76+0.15 K and exchange is antiferromagnetic in this mathe dimensionless susceptibility is equal to 0.13, about 55%
terial. of the demagnetization limit for the sample. The plateau in

Figure 4 shows the inverse susceptibility from 0 to 2.5 Ksusceptibility below 0.1 K, coupled with the divergence of
of KYbsF;o. This material remains paramagnetic to muchFC and ZFC data, may indicate a second phase transition,
lower temperatures, with the susceptibility reaching a maxiperhaps to a disordered state, or alternatively a ferromagnetic
mum of 7.97 cr/mol in the vicinity of 10 mK, and remain- state with substantial pinning of the domain walls. The value
ing roughly constant below that temperature. The maximunof x,,.. was reproducible to 8% between two different
value of the dimensionless susceptibility is 0.214, about 90%amples, but the value of the plateauyimvas less reproduc-
of the demagnetization limit for a sphere, strongly suggestingpble, lying 30% lower in the second samgleot shown.

a spontaneous magnetization. The ZFC susceptibilities below From 7 K to 20 K, the susceptibility of KTgfr;, follows
~20 mK are again substantially smaller. The susceptibilitya Curie-Weiss behavior accurately, shown in Fig. 6, yielding
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FIG. 5. Inverse susceptibility of KTgk,q below 2.0 K. This FIG. 7. Inverse susceptibility of KT, below 2 K. The sus-

material has Ising-like moments like KfFho and KYb;Fyo, but  ceptibility reveals a magnetic ground state for the*Tion in this

shows a sharp cusp in the vicinity of 0.2 K. Both FC and ZFC structure, with a relatively small moment below 0.6 K. While quali-

susceptibilities decline rapidly below this point, diverging only at tatively similar to the behavior of KgF;¢ and KYb;F,(, the maxi-

temperatures below 0.15 K. The inset shows the full range of ZFGnum dimensionless susceptibility is only 29% of the demagnetiza-

data below 0.2 K. tion limit here. The inset shows an expansion of the region below
0.2 K.

6y=-0.64+0.15K and a Curie constant C
=6.29+0.5 crdK/mol. The g factors of this material have
not been directly measured. Optical spectrosédpgveals
the lowest Stark sublevels for Fmin this structure to be
two nearly degenerate singlets, separated by less than 1

From the derived crystal-field parameters, one is a nearl s s o
pure antisymmetric singlet of the fornl=6,J,=+6)- Figure 7 shpvys the inverse _susceptl_bmty of KFly be-

13=6,4,=—6). The other is a nearly pure symmetric conju- low 2 K. It exhibits paramagnetic behavior down to tempera-
gate|,JéG,Jz:+6>+\J:6,JZ:—6>. The next excited state lies tures below 0.2 K, whereupon field-cooled and zero-field-

almost 500 K higher. Because of the very small splitting beooled data begin to diverge strongly. The FC susceptibility

tween the two singlets, they behave as an effective doublé?oWs @ kink in the vicinity of 80 mK, below which it in-

|3=6,J,= +6) down to temperatures of order 1 K, with pre- C'éases more s_lowly. The_ s_usceptlblhty beg_lns to d_rop below

dicted g factors ofg,=14 andg, =0. The Curie constant a second kink in the vicinity of 10 mK. It is possible that
KThsF;o orders with a spontaneous magnetization, so that

predicted by these values &°°=6.13 cni K/mol, within

3% of the experimental value. This agreement strongly sug-
gests that KTrgF,o also has Ising-like moments. Equation
k2) predicts 03\',"=0.010 K for KTmyF;,, leading to an anti-
{)érromagneticeﬁ\}‘:—o.GSiO.ls K.

35 the divergence between FC and ZFC data reflects increased
+ Experimental Data pinning of domain wall boundaries at temperatures belpw
304 — Freelon ..-/'5" In its qualitative features, the susceptibility of KsHy, cer-
—~ :f::mmw’m' = tainly resembles the ferromagnetic behavior of the related
E 251 .,;-/ Dy, Er, and Yb compounds more than that of KJHy,.
F i However, for KThF;, the maximum dimensionless suscep-
g 20 ',.;'5’ tibility is equal to 0.069, slightly less than 30% of the de-
g r magnetization limitN"'=(47/3)"1=0.239 for a spherical
Tx 157 f,,.;'f’ sample. Alternatively, the history dependence in the suscep-
0} 7 tibility could possibly indicate a disordered or spin-glass
i ground state.
o5 'ﬁ’/ There are no published crystal-field parameters directly
'/" measured in KTk, and so we do not know the ground
00 ' ' ; state of the TB" ion with certainty. Interpolating the param-
0 5 10 15 20 eters of neighboring lanthanide ions in the k&Y,
Temperature (K) structuré®®2 predicts a ground state which is a nearly pure

singlet|J=6,J,=0). The next higher state is a non-Kramers
FIG. 6. Inverse susceptibility of KTgfo from 0 to 20 K, with ~ doublet approximately 20 cth above which is principally
a mean-field fit to data above 7 K, where a Curie-Weiss law isJ=6,J,=+1), with small admixtures o0fJ=6,J,=+5) and
obeyed. The lower dashed curve is the calculated inverse suscepl}=6,J,= = 3). Theoretically calculated crystal-field param-
bility without interactions,xgl. The upper dashed curve denotes eters lead to a similar conclusiéhThis prediction conflicts
Xo1-\, wherex=#6,,/C is the fitted mean field parameter. with the experimental susceptibility, which shows a magnetic
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It is possible that the symmetry of the Jbcrystalline
environment at low temperature may be different from the
other members of this series of compounds. kKHp lies at
the low-mass limit of stability of the KLgF,, series
(KGdgF;p, does not form with this structure, although
RbGd,F;, doeg?), and a crystalline distortion to lower sym-
metry at low temperature cannot be ruled out, although a
conventional Jahn-Teller instability would not leave a dou-
blet lying lowest.

To interpret these results we performed a numerical en-

1__’/ ergy minimization calculation of the magnetic Hamiltonian
g at T=0, following the procedure of Ref. 7. Assuming isotro-
] pic exchange, the Hamiltonian?#s*

0 10 20 30 40 50

Temperature (K) = }E S N TR (RN
. =52 3| Mt =3 2
FIG. 8. Inverse susceptibility of KT, from 0 to 50 K, with a ij i ij
mean-field fit to data above 30 K. Crystal field parameters extrapo- - o
lated from other members of this seri@efs. 12 and 18 as well as - E NSSERS By DE S, (3
ij i

theoretical estimate@Ref. 21), fail to predict the magnetic ground
state of TB* in KTbsF4,, but fit the susceptibility accurately above
30K where ;= ug[0;]S, [g] is the localg tensor for spini 2526
ground state for TH with a rather small moment below and nearest neighbor exchange is assumed, but the dipolar
about 0.6 K. The hyperfine interaction in3'tis at least two ~ interaction is long ranged is a single-ion anisotropy coef-
orders of magnitude too small to account for this. An impu-ficient andS; denotes the component & parallel to the
rity moment cannot explain it either; the magnitude of thelocal tetragonal symmetry axis. A rough estimatéodan be
low temperature susceptibility would require at least a 10%obtained from the splitting between the ion’s ground state
Er impurity, which is an order of magnitude above the maxi-and first excited state in these materials. At temperatures of
mum inferred from the high-temperature Curie constantorder§ and above, the calculated single-ion susceptibility is
Even more is required if the impurity is any other rare earthmuch less anisotropic, implying an effective anisotropy con-
The data are most consistent with an inverted arrangement gtantD ~ 8. Spectroscopically determined splittings for Er,
the bottom two states in which the doublet lies lowest. In thisYb, and Tm(Refs. 13 and 20are listed in Table I, with a
case the TH" moment, as a non-Kramers doublet, would bevalue for Th estimated from extrapolated crystal field param-
Ising-like, withg, =0. eters. They range from the rather suspect value of 34 K for
Figure 8 shows a mean-field fit to the susceptibility dataTb®* to nearly 500 K for Tm*. The exchange constant is
above 30 K, where the result is insensitive to the arrangeebtained froméy=2z3S+1)J,,/3ks, where the number of
ment of the lowest-lying states, using the extrapolated crystatearest neighborsfor this structure is taken to be 8 and the
field parameters. This procedure yields a mean-field interaceffective spinS of the ground doublet of each rare-earth ion
tion parametem=-0.12+0.02 mol/crh Then 6,=CA\<0, is 1/2. The derived values df,/kg are listed in Table | for
and|6,|>0.034+0.006 K, using the minimum possible Cu- the Er, Yb, and Tm compounds; they are all less than 1 K in
rie constant for TH", corresponding to a ground state magnitude. The single ion anisotropy term in the Hamil-
|9=6,J,=+1). From this, 6=6y—6P=(gugl’/4ks) tonian is therefore large compared to the interaction terms,
X (NoA/3-1.5/a%) = 6, So exchange is antiferromagnetic in and the spingassumed Heisenberg-like in the beginning
this material as well. will be nearly aligned with their local symmetry axes. If we

TABLE |. Experimental values of the Stark splittingbetween the magnetic ion’s ground and first excited states, mean-field interaction
constant\, Weiss constant, calculated minimum dipole-dipole interaction energies pergpand various derived quantities for four
compounds having K¥F, structure and Ising-like moments.

8 (K) X (mol/cn?) By (K) Jex/ ks (K) eqlkg (K) Jox €4
KErsF1o 712 -0.070+0.015 -0.71£0.15 -0.19+0.04 -1.45 0.13
KYbsFyo 196 -0.025+0.008 ~0.022+0.009 -0.023+0.002 -0.14 0.16
KTmaFyo 490° -0.100+0.015 -0.64+0.15 -0.16+0.04 -0.935 0.17
KTbsF1o 347 -0.12+0.02 <-0.034+0.006 <-0.008+0.002 0.21

aReference 11.
bReference 13.
‘Reference 20.

024434-5



S. L. CHAMBERLAIN AND L. R. CORRUCCINI PHYSICAL REVIEW B71, 024434(2005

est neighbor pairs, per spin. For the predicted ferromagnetic
state,n;=16/3.
In the case of KDyF, o reported earlief,the exchange and
dipolar interactions are comparable in magnitude, Bni
no more than 10 K, so that the magnitudelgfexceeds the
estimate above and ferromagnetism is both predicted and
observed. For the Er, Yb, and Tm compounds, exchange is
relatively weaker in comparison to the dipolar interaction, as
shown in Table I, and is larger. For all three], is roughly
an order of magnitude smaller thaff]' obtained from Eq.
(4), the value necessary to stabilize ferromagnetism. Despite
these differences, the experimental behavior of f&yand
KYbsFiq is essentially similar to that of KD§,,. The dis-
crepancy between calculation and experiment may possibly
be due to an overestimate of the strength of the single-ion
anisotropy by the relatio® ~ . There is also an appreciable
FIG. 9. Dipolar ferromagnetic state lying slightly above the an-likelihood that exchange is not isotropic, including the pos-
tiferromagnetic ground state, obtained by minimizing the Hamil-Sibility that Je, is underestimated by the relatialjj=2z3S
tonian of Eq.(3) with Jo,=0. Only the magnetic spins within the +1)Je,/3Kg.
cubic unit cell are shown. The AF dipolar ground state differs from  Equation(4) predicts that ferromagnetism is less favor-
that pictured only in having the vertical chains of spins alternate umable as the anisotropy constddtincreases, for a gived,,.
and down; the small splitting between the two states, per spin, i$n agreement with this, it is noteworthy that only the Tm
A=1.60gus9?/a>. compound displays a cusplike ordering feature characteristic
of antiferromagnetism, and this material has by far the larg-
assume the alignment is complete, so that the spins are pegst value oD. In other words, KTrgFyo is the most rigidly
fectly Isinglike, the exchange term will be identically zero, Ising-like of these materials, so its spins cannot rotate
since nearest-neighbor spins are all orthogonal. enough for a ferromagnetic ground state to lie lowest. Using
If exchange is therefore initially ignored, minimization of either the critical or the experimental valuesJf, we cal-
the Hamiltonian atT=0 predicts a purely dipolar ground culate the transverse component & to be S, /S=
state which is Ising-like and antiferromagnetic, with energy—Jexnl/2(§D—Qd)<O.1 in all four materials, so the predicted
per spin of approximatelyy=-46.0g,usS)?/as. This dis-  deviation from Ising-like symmetry is small, and the overall
agrees with the experimental results for the Er and Yb comspin-spin interaction energy is predominantly dipolar in ori-
pounds, similar to our earlier findings for KBR,q, and in-  gin. This is a consequence of the peculiar structure of the
dicates that the dipolar interaction alone cannot generallKY sF;q materials, wherein the large single-ion anisotropy
predict the ordered state in the KF;, compounds, unlike constrains exchange to be artificially small compared to the

the LiYF, materials. dipolar energy.
In the absence of exchange, a ferromagnetic energy mini-
mum lies slightly above the antiferromagnetic ground state IV. CONCLUSIONS
described above, split by an energy per spin given approxi-
mately byA=1.6(g,ugS)?/a% This spin arrangement is pic- In conclusion, we have measured the magnetic properties

tured in Fig. 9. The AF ground state differs only in that the of KErsFo, KYbgF1o, KTmgFy,, and KTlyFq, cubic systems
head-to-tail chains along the verticabxis alternate up and with axial moments nearly aligned along the three mutually
down. For the Er, Yb, and Tm compounds, the dipolar en-orthogonal cubic axes. For all four compounds, susceptibility
ergy ey is roughly 5-7 times,, in magnitude, indicating that measurements indicate that exchange is antiferromagnetic,
while the dipolar interaction is larger, exchange is not negli-and calculation shows that the dipole-dipole interaction alone
gible. When AF exchange is included, the theoretical modehlso favors antiferromagnetism. Despite this, we find that
of Ref. 7 predicts that the alternating spins lying in thg  only the Tm compound clearly shows antiferromagnetic be-
plane of Fig. 9 rotate slightly downward, so that, surpris-havior, while the Er and Yb compounds order ferromagneti-
ingly, the energies of the FM and AF states cross for suffi-cally. By numerically minimizing the Hamiltonian &t=0,
ciently largeJ.,. The ferromagnetic state lies lowest fiy,  we find that these results can be understood in terms of the
exceeding strength of the exchange constant: the magnitudg,ahust
exceed a critical value, dependent on single-ion anisotropy
and the dipole-dipole interaction strength, for ferromag-

, 2 1/2 netism to occur.
== 2([§D - Qd}A) In:S, 0
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