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Angular-dependent planar metamagnetism in the hexagonal compounds TbPtln and TmAgGe
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Detailed magnetization measuremeNKT,H,#), were performed on single crystals of TbPtln and
TmAgGe (both members of the hexagonal ,PéZrNiAl structure typé¢ for the magnetic fieldH applied
perpendicular to the crystallographicaxis. These data allowed us to identify, for each compound, the easy
axes for the magnetization, which coincided with high symmetry directigt®0] for TbPtin and[110] for
TmAgGe. For fixed orientations of the field along each of the two sixfold symmetry axes, a number of
magnetically ordered phases is being revealed MyH,T) measurements belowTy. Moreover,

T=2 K, M(H)|, measurements for both compour@gth H applied parallel to the basal planas well as

T=20 K data for TbPtin, reveal five metamagnetic transitions with simple angular dependencies
Hcij~ 1/cog 0+ ¢), wherep=0° or 60°. The high-field magnetization state varies wits 2/ 3, R®)COS 6,

and corresponds to a crystal field limited saturated paramagnetic state. Analysis of these data allowed us to
model the angular dependence of the locally saturated magnetizddigpand critical fieldsH, with a three

coplanar Ising-like model, in which the magnetic moments are assumed to be parallel to three adjacent easy
axes. Furthermore, net distributions of moments were inferred based on the measured data and the proposed
model.

DOI: 10.1103/PhysRevB.71.014445 PACS nunt®er75.25+z, 75.10-b, 75.30.Gw, 75.30.Kz

I. INTRODUCTION cepted and understandable event in tetragonal compounds;

The effects of crystalline electric fiellCEP anisotropy ~Put this has not yet been well studied in hexagonal com-
on metamagnetism in intermetallic compounds have been dtounds, which is the motivation for the present analysis. Re-
interest for a long timé?2 and numerous studies of angular- cently we reported the presence of metamagnetism in a hex-
dependent local moment metamagnetism show that simplegonal class of materials, i.e., tfRAgGe compounds, for
geometric relationships exist between the critical fields of theR=Tb-Tm? They crystallize in the ZrNiAl-type structure, an
metamagnetic phase transitions, and the angle that the aprdered variant of the hexagonal Pefamily. In this struc-
plied field makes with the corresponding easy axis. Ondure, there is a unique rare-earth site in the unit cell, with the
simple case is that of TbMBe,® a tetragonal compound rare earth ions occupying equivalerg gositions with ortho-
with Tb ions in tetragonal point symmetry, where, at low rhombic point symmetryFig. 1). The anisotropic suscepti-
temperatures, the crystalline electric fi§ldEP anisotropy bility was found to be axial for ToAgGe and progressed to-
confines the local moments along tke([001]) crystallo- wards extremely planar for TmAgGe. The physical
graphic axigIsing-like system Consequently, several meta- properties of the TmAgGe compourtantiferromagnetic or-
magnetic transitions are observed, with the critical field val-dering in the ground state, extremely planar anisotropy,
uesH,. having a 1/co® dependence on the angle betweenmetamagnetism when the applied field was perpendicular to
the applied fieldH and thec axis. A more complex situation the ¢ axis) are very similar to those of the isostructural
is encountered when the magnetic moments are allowedbPtin system, previously only known in polycrystalline
more degrees of freedom, i.e., when the CEF anisotropy corform,}®1* making both compounds good candidates for the
strains them to an easy plane. This is the case in the tetrag-
onal compoundRNi,B,C,*6 with R=Tb-Er, andRAgSb,

(Ref. 7 for R=Dy. TheR ions are again in tetragonal point
symmetry and the local moments are confined to four
equivalen{110] or [100] crystallographic directions; thus the
angular dependent magnetization measurements, when the
field is applied in the basal plane, reveal the fourfold aniso-
tropy of the longitudinal magnetization that reflects the sym- b
metry of the unit cell. The angular dependencies of the lo-
cally saturated magnetizatiomé,,; and the critical fielddH.

could be treated by simple analysis, and plausible net distri-
bution of moments could be inferred for each metamagnetic

phase>’ Kalatsky and I_Dokrovsl@y elaborated the four- FIG. 1. Projection of the ZrNiAl-type crystal structure along the
position clock model, which agrees well with the observedhexagonat axis. R: large circlesM (Pt or Ag: medium circlesX
metamagnetism in HohB,C and DyAgSh. (In or Ge: small circles. Light circlesz=0 plane, dark circlesz

Initially thought to be improbable, angular-dependent=1/2 plane.[Note: the Pt or Ag atomémedium circle} appear in
metamagnetism in extremely planar systems is now an adoth planed.
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study of the angular-dependent metamagnetism in hexagongbod crystals[residual resistivity ratiofRRR)=5.2], how-
systems. In both TmAgGe and TbPtIn tReons occupy the ever, some of the crystals had hollow channels in the center,
same site, whereas both ligands are different. Having tweometimes with flux inclosures, and the quality of the result-
such systems will allow us to show that the behavior we findng hexagonal rods seems to only deteriorate with slower
is not specific to one compound, but a more general resuiooling rated(i.e., for a 400°C/100 h cooling rate, more or
associated with this structure, or perhaps with the orthorhomall of the resulting crystals were hollgwin order to avoid

bic point symmetry in a hexagonal unit cell. As we shall see €rrors due to flux inclosures, which would lend more uncer-
the Néel temperature is much higher for ToPt#6.0 K) tainty to the measured values, carefully chosen, well-formed

than for TmAgGe(4.2 K), with the former also showing a crystals were used for all measurements. Single crystals of

possible spin reorientation transition at a fairly high tempera-TmAgGe were also flux grown out of Ag-Ge self flux, as

) , >t 9
ture (T,=27.4 K. This latter transition in TbPtIn was described in detail in Morosaet al.

. . Magnetic measurements were performed in a Quantum
missed by the measurements on polycrystalline sarﬁibles,DeSign Magnetic Properties Measurement Syst&tRMS)

where even the natl_Jre of _the magnetically ordered st.ate b%‘uperconducting quantum interference dev®®UID) mag-
low ~50 K was not identified. Thus we can once again emyetometer, with a specially modified sample holder to allow
phasize the advantage of analysis on single crystals rathefe rotation of the sample so that ésixis stays perpendicu-
than on polycrystalline samples. lar to the applied magnetic field. Additional measurements
This paper is organized as follows: after a brief descrip-up to 140 kG were also taken, using an extraction magneto-
tion of the experimental methods, we present M€T,H)  meter in a Quantum Design Physical Properties Measure-
data on TbPtIin, emphasizing the complexity of its orderedment SystenfPPMS. In order to avoid torque on the rotator
state, for field orientations along the two in-plane, high sym-due to the extreme anisotropy of the samples, small mass
metry directions. This is followed by th&l(H, §) measure- sampleqi.e., m=(0.40£0.05 mg in the case of ThPtIn and
ments at low temperature, from which the values of the lodm=(0.54+0.05 mg for TmMAgG¢ were used for the angular-
cally saturated magnetizations and critical fields as alependent measurements. To correct for the large weighing
function of & were extracted. Next, we will introduce a errors that would result from such small masses, we used a
model for the net distribution of moments, which we subse-13.55 mg TbPtin sample and a 2.40 mg TmAgGe sample,
quently use to calculate the expected, locally saturated magespectively, to measurd(H) curves for =0° and 30°
netizationsM; and the critical fieldgfor the transition from ~ (With the angle# measured between the applied fi¢idand
statei to statej) H;; as functions of. This will be followed ~ the €asy axis, as described beJow/hereas some errors are
by a comparison of how the calculated and experimetal still introduced by this calibration due to the manual orien-

andHy;; values vary with the angle between the applied fielgtation of the large samples, the angular accuracy with which
H and the easy axis for this compound. we are able to orient them is probably within 10°. The vari-

Similar measurements performed on TmAgGe wil thenousM(H,¢9) measurements on the smaller samples were than

be shown, leading to the corresponding experimektib) calibrated using the data for the larger mass pieces; this is

andH. .(6) phase diagrams, which we will again map onto believed to be very accurate given that the angular uncer-
cijl?) P 9 ' 9 P ~tainty in the rotator is less than 1°. There is additional uncer-

the appropriate model calculation. We will also analyze Sim"tainty introduced by possible misalignment of the small
lar M(H, 0) data of TbPtin forT=20 K, and use the same pnigce with thec axis exactly perpendicular to the applied

model in order to characterize a magnetic phase present onfie|d (due to the construction of the sample holder, this mis-
at higher temperatures. Finally, we will summarize our keyalignment should not be more than 10°

results and also indicate how our model can be generalized Laue experiments have been performed on well-formed
to a variety of possible point symmetries in tetragonal andsingle crystals. They confirmed that the as-grown facettes of

hexagonal systems. the hexagonal rods are alternatingly parallel to(tt@l) and
(011) crystallographic planegthe macroscopic facettes are
Il. EXPERIMENTAL METHODS aligned with the hexagonal unit cell axgk00] or [010]).
Using an initial concentration of FR4Pl odNo.go Clean IIl. TbPtin

hexagonal rods of TbPtin were grown. This In-rich self-flux  Figure 2 shows the inverse magnetic susceptibility for
was used because of its low-melting temperature and becausgptin, as well as the low-temperature magnetization in the
it introduces no new elements into the melt. The constitueninset. This compound appears to order antiferromagnetically
elements were placed in alumina crucibles and sealed ibelowTy=46.0 K, with what is probably a spin reorientation
quartz tubes under partial argon pressure; subsequently they a commensurate-to-incommensurate transition ardynd
were heated up to 1200 °C, and then cooled down to 800 °G27.4 K, as indicated by the peaks in tdéM*T/H)/dT
over 48 h. Removal of the excess liquid solution revealecplot'? in Fig. 3@). In the determination of these temperature
hexagonal rods with the axis along the axis of the rod. The values,M/H represents the polycrystalline average suscepti-
crystal structure was confirmed by room temperature powdepility xa.ve Calculated as

x-ray diffraction measurements, using &y radiation, from 1 2

which the lattice parameters=(7.55+0.00 A and ¢ Xave= =Xct = Xab

=(3.88+0.0) A were also obtained using the Rietica Ri- 3 3

etveld refinement program. It is worth noting that the aboveor, when measurements have been done along all three sa-
temperature profile yielded in most cases well-formed, fairlylient directions,
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FIG. 2. Anisotropic inverse susceptibility of TbPtlsymbols
and the calculated averadme); inset: low-temperature anisotropic
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The above temperatures are further confirmed byGh@) 1951
and p(T) (illab) data, also shown in Figs(l® and 3c).
In the ordered state, as well as in the paramagnetic statt 192
up to ~100 K, the susceptibility is extremely anisotropic, E
with the local Tb moments confined to tld plane at low & 189}

temperatures. To check the origin of the anisotropy in the &
paramagnetic state, single crystals of YPtin were grown, . 186 |
with a small number of nonmagnetic®Yions substituted

with magnetic TB* ions. The extremely anisotropic suscep- 183 L = i :
tibility and magnetization of the diluted compound demon- L . — PN .
strate that this is single-ion anisotropy associated with the

CEF splitting of the Hund’s rule ground staflemultiplet. TK)
From the Curie-Weiss effective moment, as determined from . .
the average inverse susceptibilifyig. 4), the concentration FIG. 3. (3) Low-temperatured(xavel)/dT, with vertical dotted

x of the diluted compound(Th,Y;_)Ptin is x=0.024, lines marking the peaks positiond) specific heatC,(T); inset:
whereas the high-field magnetization equals.6ug/ Th3". magnetic er_wtropﬁm(T); (c Iow-t(_emperature resistivity(T), for

(If we assume the high field magnetization to becurrent flowing in the basal plarielab).

~6.25ug/ Th3*, as expected based on the model described

below, the resulting concentration will be=0.019) uncertainty in orienting the resistance pieces than the ones

For temperatures higher than 150 K, Curie-Weiss behavior magnetization measurements; therefore we can infer the
ior of the pure TbPtin compound can be inferrédg. 2) approximate orientation of the magnetoresistance sample
from the linear inverse susceptibilities, resulting in aniso-With respect to the applied field, by comparing the
tropic Weiss temperaturé,,=39.0 K and®.=23.3 K. The  Ap(H)/p(0) data[Fig. 5b)] with the M(H) curves forHllab
polycrystalline average susceptibilify,. yielded an effec- [Fig. 5@]: since various features in the magnetoresistance
tive momentuqs=9.74ug/ Th®*, very close to the theoretical measurements occur closer to the critical field#/ifi 120]),
value 9.72ig; the corresponding Weiss temperatureBig,,  We can assume that the field was almost parallel tq 126
=33.3 K. direction. (The sharp drop im(H) below ~1 kG [Fig. 5b)]

The field-dependent magnetization measurements showas very likely due to superconductivity of residual In flux on
in Fig. 5@ not only confirm the in-plane—out-of-plane an- the surface of our resistance hafor H along thec axis, the
isotropy observed in the ordered state, but also indicate anmagnetization increases almost linearly with increasing field
isotropic magnetization within the basal plane. Moreover/[Fig. 5a)], while staying far smaller thai
several metamagnetic transitions can be seen for the field At the highest applied fieldH=140 kG, the magnetiza-
parallel to theab plane, for fields up to 140 kG in thid(H) tion values for the three shown orientations af¢[110])
data, and for the magnetoresistance measurements up 4®%.86ug/Th, M([120])=6.45u5/Tb, and M([001])

90 kG in Fig. 8b). The geometry of the crystals led to more =0.92ug/Th. Whereas the extreme planar anisotropy of
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FIG. 4. Anisotropic inverse susceptibilifgymbolg and calcu-
lated averagéline) of Thg gp5Y 9.g742tIn for H=1 kG; upper inset: FIG. 6. M(6) of ThPtIn (full circles) and Tl g,=Y o.974PtIN (0pen
low-temperature anisotropic - susceptibility; lower inset: field- circles for T=2 K andH=55 kG, H L c. The solid line represents
dependent anisotropic magnetization, Tor2 K. the calculatedV,,,,cog #-n60°), n integer. Note:#=0° is defined

at the[120] direction.

TbPtln and the anisotropy within the plane recommended )
this compound for a study of the angular-dependent metsQUr measurement systeriie., above 140 k& Another pos-
magnetism, the fact that the magnetization values wer&lbility is that an additional energy scalguch as CEF split-

smaller in all three directions than the calculajed=9ug ting) exists, that confines the three local moments to three
for Th®* ions is somewhat intriguing. One plausible explana-diSti”Ctv noncollinear, in-plane orientations. As shall be
tion for the low magnetization values would be the existencéhown below, we believe the latter to be the more likely

of more metamagnetic transitions for fields unaccessible witf§cenario. _
In order to determine the easy axes of the system, we

continuously rotated a small piece of the diluted sample
(ThyY 1) PtIin (x=0.02 in an applied fieldH=55 kG (per-
pendicular toc); for constant temperatufe=2 K, the corre-
sponding magnetization measurement, shown as open sym-
bols in Fig. 6, roughly follows a cog dependencdsolid
line) around the closedtl20]-equivalent directiondi.e., 8
=60°n, n=integed, where the maxima occur. As we have
seen before, the concentration of the diluted sampl& is
=(0.0215+0.002F given this uncertainty, the absolute value
of the magnetizatioM(6) in Fig. 6 could not be determined,
and thus we scaled the data to the maximum vaMég
=0°). Similar behavior appears in the pure TbPtln com-
pound(full symbols in Fig. 6, where the measured data have
also been scaled to their corresponding maximum value at
0=0°. We can conclude that the easy axes of the TbPtin
system are th¢120] directions. However, dramatic depar-
tures from the co® angular dependence can be noticed. The
magnetization for TbPtIn, indicative of strong interactions
between the local moments, is also consistent with various
metamagnetic states crossing tHe 55 kG line at different
angles. Based on the above data, we will consider the easy
axes to be th¢120]-equivalent directions, and the anghe
| P : will be measured from the closest easy axis.
— L In order to get an idea about the various metamagnetic
0 20 40 60 80 100 120 140 ) . .
H(KG) states in this compound, we first explore_d chan_ges (_)f the
critical fields and temperatures for two fixed orientations.

FIG. 5. (a) Anisotropic field-dependent magnetizatiincreas- ~ The corresponding M(T)|y , and M(H)|y , measurements
ing and decreasing field data indicated by arroarsl(b) transverse  shown in Figs. 7 and 8 have been used to determine the
magnetoresistance, for increasifgymbols and decreasingline) H-T phase diagrams for the two in-plane high symmetry di-
field. rections,H|[[120] and H|I[110], respectively. As illustrated

7F@ : TbPtin cL-spm__ HII[120]
[6.13 :

M(u,/Tb)

Ap(H)/p(0)
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FIG. 7. M(T) data for various fields for two in-plane orienta-
tions of the applied field(a) HII[120] for H=1, 2, 7.5, 15, 20, 25,
30, 40, 45, 50, and 55 kG artd) HII[110] for H=1, 2.5, 3.5, 5, 7.5,

FIG. 8. M(H) isotherms for two in-plane orientations of the
applied field:(a) HII[120] for T=3, 5, 10, 15, 17.5, 20, 25, 30, 35,
37.5, 40, and 45 K an¢b) HII[110] for T=2, 5, 10, 15, 20, 25, 30,
§5, 40, 42.5, 45, and 47.5 K. Insets show enlaryidH) deriva-
tives (dotted lineg for T=20 and 30 K, for the corresponding field
directions, together with the Lorentzian fits of the maxi(salid
lines), to examplify how the points represented by open symbols on
the H-T phase diagrams were determined.

show enlarged(T)-T derivatives(dotted line$ for H=20 kG, to-
gether with the Lorentzian fits of the maxintsolid lines, to ex-
amplify how the points represented by full symbols on ther
phase diagrams were determined.

in the insets in these figures., the points in these phase qi"(‘between~20 and 28 kG and a higher field statsl, up to
grams have been determined from local maxima in_gg G: as field is being further increased, the paramagnetic
d(MT)/dT (full circles in Fig. 9 for fixed fields, and in pp state is reached, as already indicated in Fig) By the
dM/dH (open circles in Fig. Pfor variousM(H) isotherms.  pqrizontal plateaux measured up to 140 K@t low tem-
Even though in Fisheet al* the maxima ind(MT)/dT cri-  peratures, this is a crystal-field limited saturated paramag-
terion is described only for antiferromagnetic systems, wWehetic CL-SPM state, in which, as discussed below, all mo-
apply it here not only for the AF state, but also for high-field ments are assumed to be in their “up” positions, while still
states, where the magnetization has a net ferromagnetic cordonfined by the strong CEF energy to three distinct, noncol-
ponent. We are confident that small errors are thus introfinear directions within the basal plan&hen moving up in
duced, given the consistency of the critical field and tem+temperature at low fields, we find the antiferromagnetic
perature values obtained from badMT)/dT anddM/dH  ground state to extend up t027.4 K, whereas the magnetic
derivatives(full and open symbols, respectively, in Fig.. 9 ordered state persists up te46.0 K; both transition tem-
Given that the transition peaks were broad for some field an@leratures have been already obserfeigs. 2 and B The
temperature values, we used Lorentzian fits of the correm,; phase exists below-5.0 K, after which, for a limited
sponding derivativesgthick lines in Figs. 7 and 8, insetéd  temperature rangé5.0 K<T<15.0 K), there is a direct
determine the critical valued, andT,. transition from theAF to the M, state. Between 15.0 and

The resultingH-T phase diagrams fddlI[120] [Fig. @]  27.4 K, or 18.4 and 2.0 kG, respectively, another intermedi-
andHII[110] [fig. 9(c)] are qualitatively similar, at low tem- ate phaseM, forms. The inset in Fig. @) represents an
peratures and low fields showing the metamagnetic statesxample of two isothermal cuts of th&20] phase diagram
already seen in th&1(H) data in Fig. 5. FoHI[[120], Fig.  in Fig. 9a): the phase boundaries of the bubblelike phdse
9(a) shows that the antiferromagnetic ground state persistare very close in field at constaff and so the lower peak in
up to about 20 kG, followed by a small intermediate stdte  the T=20.0 K isothermal derivativelM/dH is poorly de-
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FIG. 9. H-T phase diagrams faf@ HI[120] and (c) HII[110], as determined from the magnetization data in Figs. 7 and 8, with an

intermediate field orientation phase diagrésee text shown in(b).

fined; the two higher peaks are fairly sharp, similar to the
one defining theM, to PM transition in theT=30.0 K iso-
therm. However, as we move down in field along the latter
isotherm, one broad peak around 15.4 K may indicate the
crossing of another almost horizontal phase boundaead-

ing into theM; statg, and thus hard to identify id(MT)/dT.

One more peak at.=3.4 kG is indicative of possibly an-
other phaseAF’ existing below this field, between 28 and
46.0 K. This is consistent with an antiferromagnetic ordered=
state below 46.0 K, with an incommensurate-commensurate
transition around 28 K which frequently occurs in interme-
tallic compounds.

For HII[110] [Fig. Ac)] the H-T phase diagram is fairly
similar, with only a few differences: a far less distindt; (@)
phase and a lower upper boundary for ¥e region. How-
ever, the most notable difference is a new high-field phase
M3, whose upper boundary is determined by the points indi-
cated with small arrows in Fig.(d). [As the field is being
increased towards 140 kG, this line becomes almost vertical
making it difficult to identify also inM(H)|; measurementk.

In order to see how thel-T phase diagram evolves from
HII[120] to HI[110], we collected comparableM(T)|y
and M(H)|; data for an intermediate orientation of the ap-
plied field (approximately 12° from the easy aXik20]). Fig-
ure 1@a) shows theseM(T) curves forH=1-70 kG, with
the small arrows indicating the higheBttransition at each
field value, as determined from thé(MT)/dT maxima.
Thus, the uppermost phase boundary in Fitp) 9represent-
ing the phase diagram for this intermediate position, can be
followed in field up toH=65 kG (full symbolg. For this ©)
orientation, we can also identify this line in thé(H) data,

3.5x10°

3.0x10*

2.5x10*

1.0x10°

5.0x10°

" H=1-T0kG
o=12"

T(K)

8.0

50}

40

30}

M(u/Tb)

20}

0.0

T=10K

6=12°

10 30 40 80

H(kG)

50

70

HP/WP

and an example is shown in Fig. (b for the T=10 K M(H)
isotherm and itsdM/dH derivative. Overall, the features
common to both Figs. (@) and 9c) are also present in Fig.
9(b); moreover, in going from thg110] to the[120] direc-

FIG. 10. (a9 M(T) data for various fields:H=1 kG and
5-70 kG(AH=5 kG) for the intermediate field directiofsee text
The small arrows indicate the highest-field transitions at the corre-
sponding temperaturéb) M(H) for T=10 K, and the correspond-
ing derivative, as an example of how the open symbols on the

tion, the M5 phase is being compressed, such that in theispper-most phase line in Fig(l9 have been determined.
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FIG. 12. EnlargedM(H; #=12°) plot, and the corresponding
derivative, illustrating the criteria used in determining the points in
Fig. 13: large dot on thelM/dH plot indicates the critical field
value, determined by the maximum of the Lorentziaridilid line)
of the peak; straight lines on thid(H) plot are fits to the magneti-
zation plateauthin), extrapolated down to intersect the maximum-
slope line(thick), giving theM, value (large doj. Note: the quality
of the Lorentzian fit is representative of some of the poorer fits.

=27.7 kG(corresponding to the transition from th, to the
M, statg. A third transition fromM, to CL-SPM, around a
critical field He, c.spnv=53.7 kG, changes very little with
angle up tod=8°; for higher angles, another metamagnetic
state M5 forms, being delineated by two distinct critical
fieldsHep 3 andHeg ¢ .spw As the former decreases with the
angle, the latter soon reaches values around the maximum
field of 55 kG available in the SQUID magnetometer used
for these measurements. In order to follow this latest transi-
tion in higher magnetic fields, additional measurements were
taken in a different magnetometer, for fields up to 70 kG, and
a slightly different temperatur€T=1.85 K); these data are
intermediate position the phase boundary separating it frorshown in the inset in Fig. 1&), but by 6=12°, Hez ¢\ .spm
PM is fully delineated below 70 kG. Given the clear in-plane becomes larger than 70 kG, therefore we can only anticipate
anisotropy of the magnetizatidfrigs. 5-10, it becomes de- that this transition still exists for larger angle@he H-T
sirable to systematically determine the angular dependengshase diagramfFigs. 9b) and 9c)] seem to indicate that
of the critical fieldsH,; ;(6) and locally saturated magnetiza- this critical field value increases fromé8 kG for §=12°, to
tions M;(6) of the H Lc metamagnetic transitions ak more than 140 kG aP#=30°) Slight differences can be no-
=2 K. ticed between the data sets taken in the two machines, very
Figure 11 shows a series of magnetization isothefins likely due to the different temperatures at which they were
=2 K) measured at various angles relative to the easy axi¢aken. A linear scaling of the two data sets by a factor of
The critical fieldsH; ;, for the transition between stateand ~ ~1.07 was necessary, for both the magnetization values and
i, were determined from maxima ohM/dH, as exemplified the critical fields; the scaling of the magnetization values can
in Fig. 12, and are shown as full symbols in Fig.(d3In  be explained by an assumption of slightly different angles
most cases, Lorentzian fits of the derivative peaks were usdeetween the applied field and the rotator axis in each mag-
(solid line in Fig. 12 to more accurately determine the criti- netometer, while the field values may have changed With
cal field values. The open symbols in Fig. 13 represent reaccording to the phase diagrams in Fig. 9.
flections of the measured data across theD° direction:; After the scaling of the two data sets, and after additional
whenever the measured points extend beyond the 0°—30° rgalibration to the measurements on the large mass 13.55 mg
gion, they almost coincide with the calculated reflections, apiece, the locally saturated magnetization values were deter-
expected for a symmetry direction. mined. The criterium used for determining the magnetization
For #=<12° the antiferromagnetic AF ground state existsfor each statéM;), was the onseWi(H) value(Fig. 12, i.e.,
for fields up to about 20 kG, after which two closely spacedthe intersection of the linear fit of thil;, magnetization
metamagnetic transitions occur, with critical fields fat0°, plateau and the highest-slope linear fit of thi€H) curve
Hear,1=20.5 kG (for the AF to M, transition and Hg; ,  during theM;; to M;, transition. More attention was given to

M(pfTh)

(b) H(kG)
FIG. 11. M(H) isotherms aff=2.0 K for (a) 0°< §<12° and

(b) 12°<6<30° (AH=1°); inset: enlarged high field[=1.85 K
(see text isotherms. Arrows indicate the direction of increasing
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) I
£
T sl —1Icn§(f)“ l/cosg....|
10fF L AF -
0 N FIG. 13. (a) Measured critical field$i; ; and
-30 20 -10 0 10 20 30 (b) locally saturated magnetizatio; (full sym-
(a) a(deg) bols) as a function of angl® measured from the

[120] direction. Open symbols are reflections of
the measured data across tide0° direction.

eees CLSPM 4/8 Also shown are the calculated angular dependen-
T - ~AfBCosB 7 cies(dotted lines.
ast ~2*3%fercos(0-30%) - L. ~2*3"/6"cos(6-30°) {38
: =

£ i T x
8 H
I:-E 3.0 mmmmnunm-nné--ul---...“ 42/6 a
= @n ~2i8*cos(-8) . -2/6°cose [T 5

5 Y 1118

0.0 ! ! L !

=30 -20 -10 0 10 20 30

(b) 4 (deg)

determining the magnetization for the first sta,), due to  6), such that theM, state becomes very narrow, making its
the limited field range over which this state exists. Severatletermination very difficultM, and M5 however appear as
criteria tried in this casponset value, midpoint between tran- well defined plateaus, continuously decreasing, and increas-
sitions, minimum indM/dH or midpoint on the appropriate ing respectively, from the local extremum values seem at
linear region on theM(H) curved resulted in almost identi- =Q°. Heo 3 has @ minimum of 38.9 kG aroung=30°.
cal angular dependencies lf;; moreover, using any of the The magnetization curves revealed four metamagnetic
aforementioned criteria, we were still unable to follow this states, and their angular dependence is presented in Fig.
state in theM(H) curves for angles beyond 25°. 13(b): M4, My, and Mg _.spy Which have local maxima at
For #>12°, the similar two sets of measurements aref=0° around 1.08g/Tb, 3.0Qug/Th, and 6.2mg/Th, re-
shown in Fig. 11b). The same criteria were used for the spectively, andVi; which exists only beyond=8° and has a
determination ofM;(6) and H;;(6). The two lower meta- maximum of 5.0@g/ Tb at#=30°. Similar to theH;; in Fig.
magnetic transitions can also be seen in this region, while 0f3(a), the open symbols in Fig. 13 represent reflections of
the higher two, onlyH,, 3 is within our field range; as the the measured data across te0° (easy axig direction.
angle increases, the first two transitions move closer in field The dotted lines in Figs. 18) and 13b) are fits toH;;(6)
(Hear 1 increases, whilél,; , does not vary significantly with  and M;(6), respectively, as calculated based on the model
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that will be discussed below. Their angular dependencies are
described by 1/c@¥+ ¢;) and cogd+ ¢;), respectively, with
¢;=0°, 30°, or 60°. These values are integer or half-integer 7 \
multiples of 360° h, wheren=6 in our hexagonal system. 7/ \
Considering the sixfold symmetry of the this compound, ’
these simple geometrical relationships render TbhPtIn as very y;
similar to RNi,B,C (Refs. 5 and Bor DyAgSh,,’ tetragonal 7 \
compounds where the analogsvalues were 0°, 45°, or 90° \ / \ 4
(integer or half-integer multiples of 360A,/wheren=4). As \ /
seen earlier in the cases of the tetragonal compounds ' ‘eag
HoN:i,B,C (Ref. 5 or DyAgSh,’ simple angular dependen- \ /

cies of the critical fields, as well as of the locally saturated \ o
magnetizations exist in the hexagonal compound TbPtIn; this \ 7

will be further confirmed by similar geometrical relation- —————— == -

ships that appear to exist in TmAgGe.

L EXXY Y
-

FIG. 14. Schematic representation of the three Ising-like sys-
tems modelwith three distincR’s in the unit cell, sitting in unique
IV. DATA ANALYSIS orthorhombic sitels Solid arrows: “up” and dotted arrows: “down”

. L ositions of the magnetic moments along the easy axes.
The field- and temperature-dependent magnetization meg— g g y

surements on TbPtlgFigs. 2 and b5 have shown that this . .
compound is extremely anisotropic, with the magnetic mo_(orthorhomblft sites. The fact that a strong CEF anisotropy

ments confined to the hexagonal basal plane. Moreovefonfines the local moments to the basal plane calls for a two
when the direction of the applied field is varied within the dimensional model, greatly simplifying the analy$is sche-
basal plane, sixfold anisotropy of the saturated magnetizatioft@tic description of an equivalent three-dimensional model
is revealed in both TbPtin and its dilutioffb,Y,_)Ptin  nas been introduced for DyAgG&Ref. 9]. Having three

(Fig. 6). Consequently, detailed magnetization measurement%qu“/"’llent mggnetic momen'gs in orthorhombic point symme-
with H L ¢ were performed, allowing us to quantitatively de- try, one possible way to achieve the overall hexagona_l sym-
scribe the angular dependencies of the critical fieldg and metry is by restricting the moments to three of the sixfold
locally saturated magnetizatio; (Fig. 13. By analogy to syr?(r;wetry axes, Soudapaf’t, (\j/vhlledallowmg for_poth t?e up
the four-position clock modef 2 for tetragonal systems, we (soli g‘.”ow_f) alr:]. 10W2 (dotte .f.arflf)t\)'v}". pOSItIO;’(IjS orl a
are now proposing a simple model for the net distribution ofdIVeén |rect|on(b '%‘ 4. _m_’l specitic Isi site would, at_ r?w h
moments in the hexagonal compound TbPtIn: three Coplana{ﬁmperatures_, ehave simiiar to an Ising system, with eac
Ising-like systems, 60° apart in the basal plane. Such a h)}- ird of the sites having parallel Ising directions. Thus, each

pothesis was first suggested by the high-field magnetizatio et?rr;]agneltic_: St"jll_tlf of TbPtln cain be ?}escriged bY almultiple
values observed in the pure compound TbPtIn, as well as i i of three Ising-like systems along thrgE20] equivalent

the highly diluted(Th,Y ,_)Ptin. As the maximum measured directions(the easy axes for this systeniwe will use™\, 1,

magnetization for ThPtin was arounu§ Tb®* (far smaller and ' symbols, to denote the orientation of the three mo-

than the calculated8; value), it is reasonable to assume the ments n their *up” positions an_d\, l anci/ sy_mbols,
respectively, for the corresponding “down” positions. The

existence of more metamagnetic transitions beyond Ou(r)rder of the arrows is not meaningful for our model; only the
maximum applied fieldH=140 kG. However, in the highly 9 - only

diluted compound, where, within our field and temperaturenu'ﬁnb.er .Of arrows for each orientation is S|gn|f|can.t for the
et distribution of moments. Moreover, we describe each

ran we are only probing th ramagnetic state, the mad- . . o
anges, we are only probing the paramagnetic state, the ma etamagnetic state with the minimugwalue moment con-

o 2+ .
netization also reaches only6ug/Tb"" at the highestt. figuration consistent with the experimental data. However,

This is consistent with th& =6ug/Tb®* corresponding to a | : . .
crystal-field-limited saturated paramagne@l-SPM) state. hlgherSvaIues are possible for most of the statgs, and |n.for—
gw_auon about the wave vectofs.g., from scattering experi-

Consequently we chose our model based on three Ising sy ents would be required to determine unigSevalues
tems such that it described the hexagonal symmetry of thaen : qu q L
Since in our experiments we only measure the projection

compound having three magnetic ions in orthorhombic pointfth maanetic moment alona the field direction. the anaular
symmetry, with the above value corresponding to saturatiorge een djr?ceeo? thg mea nae?izgti N gr moni?an? O’f ar? :rt?itj a
(in the limit of high CEF energy In order to verify this P 9 bh p

hypothesis, the expected angular dependencies of possibtlréary threes-moment configuration is

moment configurations resulting from such a model will be s
compared with our measurements. Furthermore, we will use \1 v/, (Th3*) = 1/(3S m co< 8- 60 °
our experimental results to refine the model, by considering (O sl TOT) = 139 z  cog )

multiples of the three Ising-like systems, resulting in more

S S
complex angular dependencies of the calculated magnetiza- . R
tion and critical field values. * 21 My cosd+ .;1 m cog6+60°) |,

In the P62m space group, TbPtin assumes a hexagonal
crystal structure, with three Pb ions at equivalent @ where@ is a continuous variable representing the angle be-
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tween the applied field and the closest easy &xB0°< 6
=<30°), and the three sums give the magnetization value due 0.67
to each of the three directions of the Ising-like systems; the
m; parameters equal +1, depending on whether a certain mo-
ment is in the “up”(+1) or “down” (-1) position for the
respective direction. We restrict our model description to the
0° =< #=<30° angular region, which, by symmetry across the
0=0° direction, also describes the —38%9=<0° region. .
For S=1, our model corresponds to one set of three such  =* ..
Ising-like systems. We assume that in high applied fields, the B
three magnetic moments occupy the three allowed easy axes=
closest to the direction of the field; as the field is lowered, the
metamagnetic transitions occur such that the measured mag-
netization is being decreased wkh In this hypothesis, there
are three distinct moment configurations for the system:
(\.T,/") for the CL-SPM state(\,T ) for intermediate field
values, and\,T,”) for the AF ground state. The above for-
mula yields the following angular dependencies of the result-
ing longitudinal (measurefl magnetizations: 2/3 ca%
2/3 co$6-60°), and O, respectively, represented by open F|G. 15. Calculated magnetizations as a functiod,dfased on
circles in Fig. 15. the three coplanar Ising model. Open circl&€s:1 and crossesS
Figure 13b) shows that such a model only describes the=2 (see text for details
CL-SPM stateMc, .spp(0)/ saf TO**)=2/3 cosh and the AF
ground stateM ar/ usa{ TO3*) =0 of TbPtIn; according to the
proposed model, the local moment configurations fromdirection(5.35ug), closer to the calculated valué&Oug and
which the above angular dependencies follow @xgl ") V3/2 6ug=5.2ug, respectively.
and (\T,), respectively. It is worth noting that the CL- To characterize all the other observed metamagnetic
SPM magnetization value, calculated based on the abov&ates, large® values are needed, i.e., the local moment con-
moment configuration, is @5 smaller than the measured figurations are described by an integer multife 1 of sets
6.25u5. One possible explanation is that with increasingof three Ising-like systems. Figure 1&ossefsalso shows all
field, the system is slowly approaching the CEF splittingpossible angular dependencies of the magnetizations result-
energy. This is also consistent with the increasing plateaus img from such a generalized model wh8ra2. By compari-
the high-field magnetization data in Fig@s however, the son with the experimental data, it appears from Figbl3
extrapolation of these plateaus down kb=0 results in that two more metamagnetic states can now be described
smaller values for thg120] direction(6.13ug) and the110] with S=2:

(T6*)

calc

M3(60)/ eaf TH3Y) = 2316 co%6/— 30 °) [moment configuratiot™ ~ 11.” )]
and

M,(6)/ s Th®*) = 2/6 cos® [moment configuratior\, \ 11, )].

There is still one more metamagnetic stdfh which  figuration NN or
cannot be described within th8=2 model; however, for (\\\,\\"\llﬁ_ﬁ//////) yields the desired
most of the angular range, its magnetization has an angul&®?lculated magnetization 2/18 cés

dependence consistent withl;(6)/ s Th®)=2/18 cosd. Assuming the above net distributions of moments for the
The co® dependence(ie., cos is an even functipn observed metamagnetic states, one can derive the expected

requires that the moment configuration be symmetric Wm{mgular dependencies of the critical fields. Comparison be-

respect to thed=0° direction. The simplest possibility is . oo the data in Fig. 18 and these calculateH;,(6)

. e i values will further confirm or refute the net distributions of
(\\1,/"), for which the magnetization varies as 2/3 &s moments proposed above.

to this, a number of sets of three moments needs to Si th iated with i int
be added, with zero net magnetizatipg.g., multiples of Ince the energy associated with a magnetic mo

(\1,) or N1l ], to get a resulting magnetization an applied fieldH is M-H,” the correqunding energy differ-
amplitude of 2/18. Consequently a minimuBr6 con-  enceAE; between metamagnetic stafés and M; is
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AE; =M, -H~M; -H. sign only for the ¢ in the above expressions written as
1/cog6- o).
If there is a critical energye;=AE;; to be exceeded for a As described above and similar to the analogous study in
metamagnetic transition between statesd| to occur, than the tetragonal compound Hoj#,C,° in most cases we used

the critical field value is given by maxima indM/dH, and not the on-set criterion, to determine
the critical field values, because the magnetizations during
H. = _ B the transition were not always linear; however, comparison
M-y with the calculated critical fields based on the above model is

I still appropriate, given that only small departures from lin-
where M; and M; are the measure(projections along the  oariry were encountered, mostly close to the bordering states
field) respective magnetizations. The numerator in the abovgzMi and M;). [The nonlinear change of the magnetization
expression is angle and field independent, and_ the angulayith increasing field indicates that other factdis., the de-
dependence of;; follows only from the denominator. In  magnetization factor of the sampfecoexistence of more

other words, than two phases, nonlinear superposition of the various
1 stat(?; may be responsible for the broadening of the transi-
H. ~— tion.
o M; - M; Comparison of the measured critical fields and locally
. Consequently, the expected critical field values, shown aS2turated magnetizatiofisigs. 13a) and 13b) full and open
dotted lines in Fig. 1@, are sy_mbolg with the caIcuIateq values. as Qescnbed above
[Figs. 13a) and 13b) dotted line$ confirms, in most cases,
Hear,1(6) ~ 1/cos®, the assumed local distribution of moments. However, the
’ first metamagnetic stat®,; follows well the calculated
Hey o(6) ~ 1/cos6, 2/18ug,(Th**)cog #) dependence up té~= 25°, after which
it is difficult to determine it with reasonable accuracy. De-
Hep 5(6) ~ 1/cog6-60°), spite the fact that botH ¢ ; andH; , should depend on this
' magnetization value, the former follows the expected angular
- ° dependence fairly well, whereas the latter falls under the
Hes c-sp 6) ~ 1icod 6+ 60°7) calculated 1/co# curve. Even though at this point we do not
andHe, c_spyf 6) ~ 1/c0S6. have a rigorous calculation to support our assumption, we

anticipate that the proximity of the two lowest transitions
The reflections across th#=0° direction result from the requires a calculation with more than two coexisting phases,
above formulas, when substituting with —6; moreover, which may render a better fit of the observed experimental
since cos is an even function, this is equivalent to a change idata in this region. On the other hand, ti&,s; and

TbPtin
Tw2K

010,

o /
z__» FIG. 16. Polar plot of the criti-
\ cal fieldsHg;;, with one possible
moment configuration shown for
(1201 each observed metamagnetic state.

80 Open symbols represent reflec-
tions of the measured data—full
symbols—across th@=0° direc-
tion (see text

H, * sin 6 (kG)

H_* cos 6 {kG)
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Hes cL-spwm critical fields, which have the most evident angu- line as we move away from tHd20] easy axis, while some
lar dependence, are well fitted by the calculated functiongven smaller deviations from linearity are apparertdiir ;;
based on the present model. It is thus reasonable to assurttes may indicate that special attention needs to be paid in
that, whereas possibilities for refining the model exist, in thedetermining the angular dependence of the critical fields,
simple form that we present here it describes our systerwhen rotating from the proximity of one easy axis to another.
fairly well.

The polar plot in Fig. 16 helps in understanding how the
hexagonal crystal structure of this compound is reflected in
the angular dependence of the metamagnetic phase transi- We already reported the basic magnetic properties of
tions: similar to the polar phase diagrams for tetragonal comI MAgGe? which strongly resemble those of ThPtin: the
pounds HoNjB,C (Ref. 8 or DyAgSh,” when we plot Magnetic sugceptlbll|ty |s_extremely anisotrogigig. 17),

H, sin 6 vs H, cosé, the phase boundaries become straightndicating antiferromagnetic order beloly=4.2 K. The lo-
lines, with slopes equal to either +{3 or . These slopes cal magnetic moments are confined by the strong CEF aniso-

correspond to directions either parallel or perpendicular tdropy to the basal plane, both below and abdye This can

the high symmetry axe§.e., [110] or [120]) in the hexago- also be seen in th(=T fleld—dependgnt magnetization measure-
nal structure, just as within the four position clock model thements, shown in Fig. 18, where in-plane anisotropy of the
corresponding phase lines were either parallel or perpendici@rdered state is also apparent. Similar to the case of TbPtIn,
lar to the tetragonal high symmetry ax¢$10] or [010]). As several metamagnetic transitions exist for betH 110] and
described in Myerset al,” the equations of these straight HII[120]; these result in magnetization values of 4.82nd

lines in polar coordinates can be used to verify the transitiond.30ug, respectively, atH=70 kG, far below us(Tm3*)

already discussed: if we substitute the above slope values m7.0ug, Whereas for thec direction, the magnetization is
the general formula linear and much smaller up to the maximum applied field.

. The ratio of the two in-plane magnetizations is
R(0) =al(sin 6 - b cos), M([120])/M([110])=0.87, close to the cos30° value ex-
pected within the model described before for TbhPtIn for the
CL-SPM state. However, the two absolute values are larger
than the corresponding ones, calculated from the above
model: M([110])=4.67ug and M([120])=4.0Qug, but the
extrapolation of the high-field plateaus downHa=0 (solid
lines in Fig. 18 yields magnetizations very close to these
calculated values. As in the case of TbPtin, the slight in-
crease of the magnetization plateaus after the supposed satu-
ration may be caused by the slow approach of the CEF split-

V. TmAgGe

for a line with slopeb, we get
Hc(6) ~ 1/cos6 for b=co,

He(6) ~ 1/cog6-60°) for b=—1/\3,
or
H.(6) ~ 1/cog0+ 60 °) for b= 13,

which are consistent with the angular dependencies of th

. ) f’fng energy.
transitions determined above. In calculating the above expected magnetization values
For the most part, the experimental points fall onto the 9 P ) '

: . - we assumed the easy axes to be along[ 1i€]-equivalent
calculated straight lines, as expected. Some deviations from.~ "~ o _
directions, based on the directions where maximum magne-

the straight lines can be noticed, with the most evident ONE._ —tion values ab=70 kG were achieve(Fig. 18. This is

for H¢q 5, for which we already emphasized the necessity of a : : o
' i consistent with the angular-dependent magnetization mea-
more complex model. In a similar mann@ven though only

for fewer anglel He, 3 curves under the calculated straight

4 I ' 1 T T v T T T T T T
TmAgGe
5} T=;p? CL-SPM HI|[110]
4.63
“ M HI[120]
3 SP®
41 ;g Nz 110 7
30 1 s

F _ 134
E e 3F §o ¢ .
2 2 = gi g /
: N
E 1 s LL M e ]
= 10 { | g

g 1§, i

0 (] ;é.,‘ Pl ?\F(? ! ++++:|.!!I£9ﬂ‘1"1* aaaa
L
1 ! . 1 . ! 1 . 0 e b N 1 1 1
0 50 100 150 200 250 300 0 10 20 30 40 50 60 70
T(K) H (kG)

FIG. 17. Anisotropic inverse susceptibility of TmAgGsym-

FIG. 18. Anisotropic field-dependent magnetization, with the

solid lines being the linear fits of the high-field plateaus, extrapo-

lated down toH=0 (see texk

bols) and the calculated polycrystalline averagdjee); inset: low-
temperature anisotropic susceptibilities.
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TmAgGe H=70kG !
1.00 F , 50}
095§
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= ogofl |
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FIG. 19. M(#) of TmAgGe (full symbolg at T=2 K and H
=70 kG, H L c. Solid line: calculated magnetizatioll,,,,coq 6
-n60°), n integer. Note:#=0° is defined at th¢110] direction. (a)

T=1.854.6K

70

surement foH=70 kG shown in Fig. 19, where angfewas
measured from thEl10] direction; thus the sixfold symmet-
ric magnetization has maxima occurring for th&10]-
equivalent directiongi.e., for #=n60°, wheren is an inte-
gen. Consequently, for TmAgGe the anglé will be
measured from the closefst10] easy axis. The comparison __
of TmAgGe and TbPtIn indicates that, even though the easyE
axes in the two compounds correspond to the two different'i“’
sets of sixfold symmetry directions, as we shall see, theirZ
physical properties are very similar.

Around each easy axis, these magnetization measure

© T=1.854.6K

ments follow the co® angular dependendghe solid line in

2.5x10*

2.0x10*

1.5x10*

M(emu/mol)

1.0x10*

5.0x10°

3.0x10*
E 2.9x10'F
<
B 2ex10'f
2.7x10"
4.0 45 5.0 55
(b) ()

FIG. 20. (a) M(T) data forH=1, 5 kG and 10-70 kGAH
=10 kG for HII[120], with enlarged high-field data in the inséb)
MT derivatives forH=50, 60, and 70 kG, together with the Lorent-
zian fits of the maximgsolid lineg, illustrating how the vertical
line in Fig. 22c) was determined for high applied fields.

(b) H(kG)

FIG. 21. M(H) isotherms forT=1.85, 2—4 K(AT=0.25 K), 4.2
and 4.6 K for(a) HI[120] and (b) HII[110]; insets show the en-
larged data around the metamagnetic transitioAs:ows indicate
direction of increasing’.)

Fig. 19, as expected within our proposed model. Some dif-
ferences between the experimental dditked circles in Fig.

19) and the calculated magnetization could be caused by
small misalignment of the sampleendering slightly asym-
metric measured peaksr by the strong interactions between
the local moments. Similar to TbPtIn, this also indicates that
different metamagnetic states crodls=70 kG at different
angles.

From the M(T)|y, (Fig. 20 and M(H)|r4 (Fig. 21)
measurements, detaildd-T phase diagrams for this com-
pound can be determined. They are shown in Fig&)2hd
22(c), for field along the[110] or #=0°, and[120] or ¢
=30° directions, respectively, with an intermediate-position
0=24° phase diagram in Fig. #9. In the same manner
used for TbPtIn, the points in these phase diagrams have
been obtained from maxima in eitheé(MT/H)/dT for con-
stant field(full symbolg or in dM/dH for fixed temperatures
(open symbols

ForHI[110Q] [Fig. 22a)], at low temperatures the antifer-
romagnetic (AF) ground state exists foH=<3.1 kG, fol-
lowed by a small intermediate phas&; (up to ~4.4 kG
and a larger stat®l, above. This latest phase extends up to
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120 | o fomMmaem| 11O “ ¢O “ooo, : o M0
st * g 0 ..
10} PM @ |, 2= @ " ¥ . sl
Mo oM o < | ow FIG. 22. H-T phase diagrams
000 ©0 $3888800,0 L Beosoenn. o for TmAgGe with (a) HI[110]
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% o o for the high-field line, as deter-
2t > 1 1 1 mined from Fig. 23.
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8.9 kG, after which, at low temperatures, the system reachesnd H, , values(3.62 and 4.86 kG, respectivg¢lare very

the crystal field-limited saturated paramagnetic CL-SPMclose to the corresponding ones in th&lQ] direction,
state. As temperature is increased, Mg phase disappears whereas theM, to Mj transition occurs around 7.0 kG.
around 2.5 K, and a direct transition from tA€ to theM,  These three phase lines merge arolir.0 K, such that for
state occurs at a decreasing critical field value. The uppefigher temperatures a single transition occurs at decreasing
phase boundargfor the M, to the PM state transitioralso fields. This line appears to intersect thie=0 axis around

falls down in field asT increases, such that at very low fields TN:4-2_K- . . . . .
only one transition is observed closeTQ=4.2 K. The intermediate-orientation phase diagram presented in

As we rotate away from the easy axis, the low-field phasé9- 22b) allowed us to observe the upper-most phase line

diagram changes very little, with a small enhancement of thénoving down in field at low temperatures, such that ér

critical field values towards low temperatures. As field i3324 , It intersects thel=0 axis close to 40.1 kG. In this

S : . o orientation, this phase boundary can be identified in the
being increasedyl, is getting smaller as a new distinct phaseM(H) derivative, as shown in Fig. 23 foF=1.85 K. How-

M5 forms. Its upper bordering line appears to have a stron% I . . . :
g ver, the high-field peak idM/dH is poorly defined, making
angular dependence, as can be seen in Figs) 2Rd 27c), the determination of the corresponding critical field value

similar to the Upper-most phase boundary seenin ToPtIN: 105 difficult. For a more precise estimate, another criterium
HII[120] [Fig. 22¢)], this phase boundary is an almost ver- a5 ysed together with the derivative maxima, as illustrated
tical line atT~4.5 K, up to our maximum applied field iy the inset in Fig. 23: the midpointiarge do} on the
=70 kG. As a consequence, the corresponding points on thigighest-slope linear fitsolid line) of the magnetization data
line have been determined frotiMT/H)/dT data, as shown  around the transition. Also shown is the error bar for this
in Fig. 20(c) for high fields, and could not be identified in the critical field value, as determined from the two criteria used
field-dependent derivatives. At low temperatures, fige 1 here.

The fact that this line is now apparent in bd#(T) and

T T T y T T M(H) data is further confirmation that this phase boundary
50r exists, whereas at lower fields, the only noticeable difference
aol from theH|I[120] direction is the persistence of tié, state

’ a up to higher(i.e., ~3.5 K) temperatures. A number of simi-
T 30 s £ larities between TbPtln and TmAgGe have already been es-
5, £ ; tablished: same crystal structure, antiferromagnetic ground
s 5 £ c state, extremely anisotropic magnetization, in-plane aniso-
= tropy and metamagnetism leading to crystal field-limited
1.0 saturated magnetizations smaller than the calculated single
» @ 4o 0 & 7 ion uey Values. As a consequence, we proceed to study the
0.0 e / angular dependence of the planar metamagnetism in
0 10 30H(kG)40 60 70 TmAgGe, and subsequently apply the model developed for

TbPtIn to the case of this compound.

FIG. 23. M(H) for T=1.85 K (symbolg, and the corresponding ~ When we fix the temperature at=2 K, the angular de-
derivative (line). The inset shows an enlargement around the highPeéndence of the metamagnetic transitions can be studied
field transition, to exemplify the two criteria used for determining based on théV(H) isotherms shown in Fig. 24. The critical
this critical field (see text Note: the error bar shown in the inset fields and the locally saturated magnetization val(fed
(determined from the position of the peaks in the derivatgrees a ~ symbols in Fig. 2b have been determined as maxima in
caliper of the uncertainty in determining this critical field value. ~dM/dH, and from onset values respectivésee the TbPtin
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FIG. 24. M(H) isotherms(T=2.0 K) for (a) 0°<9<10°, A0 = ; -
=2° (enlargedM; state shown in the insetind (b) 10° < #=<30°, 10k 5 M, 11/6
A#=2°. The inset in(b) shows the extrapolation of the two higher
metamagnetic states down to lower fields, such that the intersectior  ITTTTITTITITITT .I'I 1“I I I}flllgoggoﬁe%
with the maximume-slope line gives the magnetization vallves 0.0 ey JAF .
andMc, .gpyi solid dots(see text Arrows indicate increasing. 30 -20 -10 0 10 20 30

e(d
section. An exception was made fdl; .spy @above 10°, and (dea)
the criterion used for determining this state is described be- FIG. 25. (a) Measured critical fields$i.;; and (b) locally satu-
low. Moreover, because of the proximity of the first two rated magnetizationdl; (full symbols, as a function of angle
transitions, theM; state is poorly defined; no precise satu- measured from the easy axis. Open symbols are reflections across
rated magnetization data could be extracted for this state, bithe =0° direction(see text Also shown are the calculated angular
the phase diagrams in Fig. 22, as well as the angulardependencies di;; andM; (dotted lineg. The error bars shown in
dependent critical fields in Fig. 28, are consistent with the the low part of(b) give the range of values that we can infer kg
existence of this phase. As before, the open symbols in Figrom the data shown in Fig. 24.
25 represent reflections of the measured data acros® the
=0° direction. The TmAgGe measurements allowed us taorresponding one.10, 4.36, and 8.92 kG, respectively at
determine the critical field and locally saturated magnetizaT=2.0 K, #=0°) in the H-T phase diagramfgFig. 22a)], as
tion values for the full angular range-30°< #<30°); the  they have been determined from two distinct measurements.
resulting somewhat asymmetric dat@ost obvious in the Thus small errors in the angular positiohl °) may convert
case of theM, datg maybe due to a small sample misalign- into small errors in the critical field valuds<3%).

ment. The experimental datall symbolg together with the Somewhat larger differences between the two data sets are
reflections(open symbolgin Fig. 25 give the caliper of the observed for§=10°, specifically forHs ¢ .spw Which var-
error bars for these measurements. ies more rapidly with the angle than any other critical field.

For #=<10°, two closely spaced metamagnetic transitiondn this angular region, the two lower transitions occur at
can be seen in Fig. 28, with critical fields H,apy  almost the same critical fields as below 10°, whereas the
=3.0 kG andH; ,=4.37 kG, respectively, a=0°, followed critical field for the third one slowly decreases with angle, as
by a third transitionH, ¢ .spm at ~9.37 kG. It should be a fourth transition appears and rapidly moves up in field.
noted that theseél;; values are slightly different from the Consequently, th&1; metamagnetic state changes little with

014445-15



MOROSAN, BUD’KO, AND CANFIELD PHYSICAL REVIEW B 71, 014445(2009

the angle, whereas thé, state narrows down as the border-
ing critical fields move closer to each other. The fourth tran-
sition being very broad makes the determination of kg
state fairly difficult. Also, withHg ¢ .spm broadening out
and rapidly moving towards our field limii.e., 70 kG, it
was difficult to get a meaningful linear fit of thd(H) curves
during theM; to CL-SPM transition; instead we used the
intersection of the maximum slope line corresponding to the
M, to M, transition, and the best linear fit of the highest
magnetization state, to determii; _spy for 6=10° [Fig.
24(b), insef.

The best fits to the experimentally measured angular de-
pendent data are shown in Fig. 25 as dotted lines. We will
use these fits to infer the net distribution of moments as
multiples S of three Ising-like systems, similar to the case of
TbPtin. As mentioned before, we infer that thé, state H *cos® (kG)
should exist based on the angular-dependent critical fields in
Fig. 25a), and theT=2.0 K metamagnetic phases revealed

by the phase diagrams in Fig. 22. Consequently, in kG, 26. Polar plot of the critical field#i,, with one of the

Fig. 25b) we are only showing the expeqted angular possible moment configurations shown for each observed metamag-
dependence of such a phase, by analogy with the TbPtlfetic state.

case MS$¥Y ue,(Tm3*)=2/18 cos, which appears to
be the upper limit of these magnetization values, as
indicated by the error bars shown in Fig. (Bb As
already seen for TbPtin, the moment configuration
that would result in such aM; magnetization is a Heo 2(6) ~ L/icog6-60°),
S=6 state: (\ANNNANNI /) or

ONNSNNNUT /). Ma(6) has a maxi-

(kG)

H *sin0

Hcllz(a) -~ 1/C056,

mum value at#=0° equal to 2.3Fg/Tm®*, close to Hea,cL-spm~ 1/cog6+ 60 °),
2/6usy{TM®")=(2/6) Tug/ TM®*, and a co¥ angular-

dependence. This suggests_ that a possiple; net distribution of andHe, o sl 6) ~ 1/cosé.

moments for this state, realized with a minim@&n2, could _ ' o _
be "\\11..). If one local moment is flipped from its’ The experimental datdull symbols in Fig. 2%a)] are in

position to /" in the previous state, the resulting state couldgood agreement with these calculated critical fields, with
be described by thé\\ 1) configuration, whose Hc ci-spM6) present only ford<10°, while theH, ; and
magnetization varies asva/6us(Tm3")cog6-30°); this  Hcz cLspmeXist only for §=10°. This is consistent with the
fits well the measuret¥l; data, indicating that the previously presence of theM; state for angles larger than 10°, even
assumed local moment distribution may be appropriatéhough experimentally we were only able to accurately de-
for this metamagnetic state. When all the magnetic momentgrmine it for 6= 16°. (The bordering transitions of this state
are in their “up” positions, the CL-SPM~\\11, )  arevery close in field whedis close to 10°, which made the
state is achieved, and the corresponding angulagetermination ofMs in this angular region difficult. It is
dependence is 4/6,(Tm3*)cosé. This best describes the worth pointing out the excellent fit of the measured
last observed metamagnetic state, which has a maximum &fcs,cL-spmdata with the calculated angular dependency, this
4.68ug/Tm3* around 6=0°, very close to 4/fg,(Tm®*)  transition showing the most dramatic change with the angle
=(4/6) Tug/ Tm?*. (As before, the order of the arrows used ?- N _
to describe the net distribution of moments has no physical Apart from the absolute values of the critical fields and
meaning) the locally saturated magnetizations, tHg(#) and M, 6)
According to the calculation given in the case of ThPtin,Phase diagrams for TmAgGEig. 25 are identical to the

for TmAgGe one would also expect the critical fields to vary TbPtIn analogs in Fig. 13: to the same number of critical
with the angleg as fields with identical angular dependencies correspond identi-

cal metamagnetic valudscaled to the saturated moment of
Ho. o~ 1 the respectiveR3* ion), which also vary similarly with the
M-y angle. This is consistent with our model being indeed a gen-

. . eral description of the EB-type systems, or even more gen-
Using the net distributions of moments assumed above t rally, of hexagonal systems with tHe in orthorhombic

best describe the locally saturated magnetization states, \%%int symmetry

fei)e(lr();lesCt the following angular dependencies of the critical When theH(#) phase diagram for TmAgGe is converted
into a polar plot(Fig. 26, similar to that for TbPtIn, we
Hear,1(6) ~ 1/cosé, again notice that the phase boundaries are straight lines, with
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+1/\3 or « slopes. From the equations of these straight &0 T T T
lines, we can once more confirm the transitions determinec [ 0'<8<12
before: 50 |

H(0) ~ 1/cos6 for b=,

40 |-

ThPtin

Ho(6) ~ 1/cog6-60°) for b=~ 143, Too0K

3.0

or

M (1, /Th)

H(6) ~ 1/cog6+ 60 °) for b=1/\3. 20
As already noted, in the case of TmAgGe, we were ableto 4,
determine the critical fields from experimental data for
6=-30° to 30°, as seen in the phase diagrams in Fitp) 25 00
as well as in Fig. 26. Slight differences between the expectec o
straight lines in Fig. 26 and measured critical fields can be() H(kG)
noticed forH, 3 for angles close to +30°, or fdfl.3 ¢ -spum
also for large angles; in addition to being a consequence o

8.0

small misorientation of the sample, this may indicate, similar 12°<p<30° S i
to the TbPtIn case, that a more complex model needs to b [ M ,
used to describe the regions around the “hard” in-plane di- 352 > ]
rection.
40 |- -
VI. ANGULAR DEPENDENT METAMAGNETISM AT T s
=20 K IN TbPtIn l‘_} a0 M .
Whereas TmAgGe has fairly simpk¢-T phase diagrams, 3 ;
with all metamagnetic phases present at low temperatures. 20
the TbPtin phase diagrams are somewhat more complex
manifesting an additional intermediate-temperature phagse 10} /
(Fig. 9. In order to perform a similar angular-dependent | M_/
study of this metamagnetic state, a set bf(H)|, data was 00 AF —
taken afT=20 K. Assuming that all existing transitions have (®) o 10 20

been identified and are shown in Fig(& least below 20 K ) . .
at this temperature tha/(H) curves should intersect the = FIG- 27. M(H) isotherms ar=20 K for (3 0° < <12" and
same magnetic phases as in the low temperature case, wi 12°<6=30 (A0_=1 )- Inset: enlargedd, state. Arrows indi-
the exception oM;; instead, the measurementsTat 20 K cate the direction of increasing
intersect the bubblelike phas,, as seen in the three differ- though it is possible that crossover to the paramagnetic PM
ent orientations phase diagrams in Fig. 9. state has occurred between 2 and 20 K at high(Fhis
Figure 27 shows th#(H) isotherms af’=20 K for vari-  would be a plausible explanation for the measured magneti-
ous angles. The M;(6) andHg;;(#) phase diagrams have zation values for this high-field state being, as seen below,
been determined as described before for TbPtin or TmAgGewer than the calculated valugs.
for T=2 K, and are shown in Fig. 28. It should be noted that, The locally saturated magnetization of ti&, state is
due to the enhanced temperature, all transitions are broadgqual to~0.25ug/Th at =0° and does not appear to change
ened, and the locally saturated magnetization plateaus are meuch with the angle. According to thé-T phase diagrams
longer horizontal. Both of these facts make the analysis o Fig. 9, all higher metamagnetic states are identical at low
these data somewhat harder and more ambiguous. (T=2 K) temperature and at=20 K; consequently, they
For §<12° [Fig. 28a)], the lowest transition changes seem to have similar angular dependengigg. 28b)]: M,
very little with angle, having a critical field valuelcar4  and Mg .gpy have local maxima around 3/Th and
~8 KkG. As field is being increased, two more transitions carb.7ug/Th, respectively, a¥=0°, and slowly decrease with
be observed for angles lower than 8°, with local minima ofincreasing angle in this region. Beyone8°, a third meta-
the critical fields, at #=0°, of H,=16.2kG and magnetic state should exist, defined by thg,s; and
HeocLspv=48.7 KG, respectively. For larger angles, theH ¢ spycritical fields; however, it is difficult to identify it
highest transition splits into two different onéd, ; with  in this angular region, given the broadness of the bordering
decreasing values as we rotate away from the easy axis amensitions and thél .z ¢ .spy pProximity to our field limit.
Hes.cL-spm Which rapidly increases above our field lirfiie., As we move further away from the easy afis., 0
55 kG around #=12°. It should be noted that we are still >12°, Fig. 28b)], the lower two metamagnetic states can
referring to the high-field state ai=20 K as the crystal again be observed, whereas the CL-SPM state may still exist
field-limited saturated paramagnetic CL-SPM state, everfor fields larger than 55 kGalso apparent from thél-T
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FIG. 28. (a) Measured critical field$1;; and (b) locally satu-
rated magnetizations!; (full symbols, as a function of anglé, for
T=20 K. Open symbols are reflections across @° direction.
Also shown are the calculated angular dependenciég;gfand M;
(dotted lines.

phase diagram in Fig.(B)]. Also, we can now see the third
stateM5 slowly increasing with angl®, similar to the low-
temperature case.

The T=20 K phase diagram&ig. 28 are very similar to
their low-temperature analog&ig. 13, except for theM,

state, and some evident differences between the experimen

data and the model calculatiofdotted line$. It was rather
difficult to determine the angular dependenciesMyf and

PHYSICAL REVIEW B 71, 014445(2009

(kG)

(2

H *sin®

—

H_* cos 8 (kG)

FIG. 29. Polar plot of the critical fieldsl;;, with one possible
moment configuration shown for each observed metamagnetic state
(except forM4, where the moment configuration is uncertain—see
text). Open symbols represent reflections of the measured(figita
symbolg across the9=0° direction.

16.2 kG 1/co9 and should relate té, through
Hes 2(6) ~ L[M3(6) = M4(6)]
or
1/c0os6 ~ 1/[2/6us{ TH*H)coso— M,(0)].

Thus My(6) should vary asMgy 4c0s6, with a locally
saturated magnetizatioMgy s~ 0.25us,(Th®"), but, as al-
ready mentioned, it is difficult to determine it with reason-
able accuracy. However, the corresponding local moment
configuration should be similar to the low-temperature one,
in order to get the co8 dependence, except that the number
S of three Ising-like systems which would yield the appro-
priate Mg, 4 Value is uncertain.

All other locally saturated magnetizations and critical

fids can be best fitted with the same angular dependencies

as for the low-temperature case:

M., therefore we had to infer the possible theoretical fits in a M3(6) = 2V3/6us{ Th**)cog 6 - 30 °),
more indirect way: as we already mentioned, the state de-

scribed byM, at T=20 K should be the same as the corre-
sponding one at low temperature, since they characterize the d
same metamagnetic phase. Therefore we expect it to varzi/n
with the angle as 2/6..(Th**)cos# [Fig. 13b)]. For large
angles, this is consistent with the measured data in Fig.
28(b), whereas significant deviations can be noticed closer to
0=0°. The lower magnetization stalM, has much smaller
values than any of the states characterize@i=2 K, there-
fore we cannot fit it accurately with a calculated angular

dependence; however,H, can be fitted with

M CL-SPM( 0) = 4/6M33(Tb3+)cos 0,

Hear 4 ~ 1/cosé,
Hez,3~ 1/cog6-60°),
Heo,cL-spm~ 1/cosb,
Hes cL-spm~ 1/cog6+ 60 °).
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FIG. 30. Plausible models for extremely anisotropic, planar compo(segstext with (a), (b) tetragonal andc)—(e) hexagonal unit cells.
The numbers are used to identify the different magnetic moments in the unig&our position clock model describing tetragonal systems
with oneR in tetragonal point symmetryb) Double coplanar Ising-like model: for orthorhombic point symmetry in tetragonal unit cell, two
magnetic moments would be necessésjng-like systems, 90° away from each other in the basal pléoeSix position clock model: one
magnetic moment with six possible orientatiof@rows along six high symmetry orientations in the basal plaf® Triple coplanar
Ising-like model: threeR ions in unique orthorhombic point symmetry are needed in a hexagonal comftbueel Ising-like systems, 60°
away from each other in the basal plang) A double coplanar three position clock model can describe hexagonal systems with two
magnetic moments in unique trigonal point symmetry position, with three possible orientétRBfsaway from each other in the basal
plane for each. In all cases, the corresponding CL-SPM stiatescribed in tejtare represented by full arrowapplied field is assumed to
be vertically up.

Apart from the already mentioned differences between the TbPtin and TmAgGe have a single rare-earth site with
measured data and the calculated curves, small departureghorhombic point symmetrgwith three rare-earth sites per
from the corresponding theoretical angular dependencies camit cel) and both compounds have high-field saturated mo-
be noticed foM3(#) andH,, 5 a more significant difference ments well below the single ion values. These two observa-
appears for the saturated magnetization sttg sp\(6),  tiONS, combined with our experience with the four position
which seems to have the expected angular dependence, Kilpck model that was developed for the tetragonal com-
with smaller values than the calculated ones. This may be §OUNds with rare earths in tetragonal symmetry, lead us to
high-temperature effect.e., crossover from lovi- CL-SPM Propose a S'm"?r model for thesezPet_ype compoun_ds. a
state to highf paramagnetic PM stateor it may be one triple coplanar Is!ng mod(_al, Wh'gh consists of thrge Ising-like
more indication that a more refined model is needed. moments per unit cell, with thelr Ising axes within the basa]

A polar plot analogues to the low-temperature cég. plane and rotated by.60° with respect tol eagh other. This
29) shows that aff=20 K, the critical fields are still well model preserves the sixfold symmetry at high fields and also

described by straight lines, but with more pronounced differ_explains why the saturated moments are significantly lower

ences between experiment and the theoretical calculationgw.an the free ion values. By analyzing the magnitudes and

We attribute these to the thermal broadening at this temperzf‘-ngular dependencies of the critical metamagnetic fields, as

ture, but, as already seen in the low-temperature case, a r ell as the Io_cally saturated magnetizationg, vyithi_n the
quirement for a more complex model cannot be excluded ramework of this model, we can infer the net distribution of

moments along the six possible moment orientations. How-
VIl. SUMMARY ever, field-dependent neutron diffraction or magnetic x-ray
measurements are needed to test these hypothetical net dis-
Motivated by the extensive work done on highly aniso-tributions of moments and to obtain the propagation vectors
tropic local moment systems with tetragonal unit cells andfor each magnetically ordered stat&ome preliminary ex-
unique rare-earth sites of tetragonal point symmetry, we havperiments on TbPtIn have already been repotezhnfirm-
performed detailed studies on two highly anisotropic, localing the two low-field ordering temperatures that we observed
moment, hexagonal compounds TbPtin and TmAgGein the magnetization measurements. Moreover, the neutron
Whereas both of these compounds are ternary members dhta are consistent with our inferred direction of the mo-
the FeP class of materials, they have different ligands. Inments)
addition, whereas both of these compounds manifest extreme The successful extension of the four state clock model to
planar anisotropy, they have different easy aXé®0] for  the current triple coplanar Ising-like model implies that a
TbPtin and[110] for TmMAgGe. Even with these differences wider set of local moment compounds with planar anisotropy
we have found that these two compounds have very similacan be understood in a similarly simple manner. Clearly te-
H-T as well asH-6 phase diagrams. tragonal unit cell compounds with the rare earth in ortho-
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rhombic point symmetry could be expected to behave in @achematic representations of all expected five models de-
manner similar to TbPtln and TmAgGe, i.e., to form a classscribed above.

of double coplanar Ising model materials. In a similar man-

ner, hexagonal unit cell compounds with the rare earth in

hexagonal point symmetry could be expected to behave in a ACKNOWLEDGMENTS
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