PHYSICAL REVIEW B VOLUME 59, NUMBER 2 1 JANUARY 1999-11

Angular dependence of metamagnetic transitions in DyAgSh
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Measurements of the magnetization of DyAg$bveal a complex system of up to 11 well-defined meta-
magnetic states for the field applied within the basal plane. Measurements of the magnetization vs the angle the
applied field makes with respect to thEL0] axis show the DY moments are constrained to lie along one of
the four[110] directions within the basal plane. From the angular dependence of the critical fields and plateau
magnetizations, the net distribution of the moments may be deduced for each state. Finally, the coupling
constants are calculated within the framework of the “four-position clock mod&0163-182@9)04302-7

INTRODUCTION applied within the basal plane, making the compound a po-

Recent studies of HOMB,C and other RNB,C com- tential candidate for further study of the angular dependence

T . of metamagnetic states. In addition, hysteresis is only present
pounds have shown that the net distribution of magnetic Moy, w0 of the transitions simplifying the analysis.
ments in a metamagnetic system may be determined from the |, this paper, we present a study of the angular depen-

analy_s_is of_ the angular dependence_ of the magnetization angbnce of the metamagnetic transitions of DyAgShfter an
transition fields of the metamagnetic Sta]_té%A“hQUgh no  overview of the experimental techniques used to grow and
information about the wave vector associated with the metachgracterize the samples, results and plausible model of the
magnetic ordering may be obtained, this approach allows get distribution of magnetic moments will be presented. Fi-
vast amount of information to be gained about the metamagnally, the angular dependencies of the critical fields will be
netic phases, without requiring neutron or magnetic x-rayused to deduce the coupling parameters within the frame-
diffraction. work of the four-position clock model.

In HoNi,B,C, a strong crystalline electric fiellCEF) an-
isotropy constrains the local moments to fA&0] crystallo-
graphic axes, leading to four well-defined metamagnetic
states with relatively simple angular dependence. This angu- High-quality single crystals of DyAgSh were flux
lar dependence suggests that the net distribution of magnetgrown'® from an initial composition of Dy 442g0.09:5kb 64
moments may be described by for H<H.,, 1T/ for H¢, Essentially, this Sb-rich self-flux was chosen because of its
<H<H.,, 11— for Ho,<H<H., and 117 for H>H.s, low-melting temperature and because it introduces no new
where 7 and — correspond to the moment directed eitherelements into the melt. The additional silver content also
along or perpendicular to tHd 10] axis nearest to the field helps to preclude formation of DySh. The constituent ele-
and H;; are the four angular-dependent critical fields. Recentnents were placed in alumina crucibles and sealed in quartz
theoretical work has analyzed these data within the frame-under a partial argon pressure. The starting materials were
work of the “four-position clock model,” where the local heated to 1200 °C, and then cooled to 670 °C over 120 h.
moments are restricted to either thel0 or (100 sets of Removal of the flux revealed platelike crystals with typical
axes by a strong CEF anisotropy. dimensions of X 3X 1 mm. Thec axis was perpendicular to

To further understand this type of planar metamagnetisnthe plate. The sample exhibited well-defined facets, corre-
we have undertaken a search for other systems that hawponding to[100] and[110] edges, as determined by x-ray
rare-earth ions in locations with tetragonal point symmetrydiffraction using a rotating anode sourdo Ka, \
Although the RSpseries with R=Ce, Pr, and Nd is strongly =0.71069 A and four circle diffractometer. For the rest of
anisotropic and exhibits sharp well-defined metamagnetithis paper, all angles will be relative {a10]. The residual
states for the field applied within thab plane? the crystal resistivity ratiol RRR=R(300 K)/R(2 K)] of 40 is consis-
structure is weakly orthorhomb?é which greatly compli- tent with low impurity and dislocation concentrations.
cates the analysis of the magnetic structure. In contrast to the Magnetic measurements were performed in a Quantum
RSh, series of compounds, RAggbrystallizes in the simple  Design superconducting quantum interference device magne-
tetragonal ZrCuSistructure P4/nmm, # 129'~° consisting  tometer with a specially modified sample holder to rotate the
of Sb-RSb-Ag-RSb-Sb layers with thé' Rin a location with  sample, keeping the axis perpendicular to the field. A
tetragonal point symmetri4d mm). sample mass below 0.5 mg was used to avoid torque on the

Measurements of the magnetization as a function of aprotator due to the extreme magnetic anisotropy. To reduce
plied field along high-symmetry axes in DyAgSievealed a the effects of weighing errors, () data were collected on a
series of four sharp steps in the magnetization for the field0.62 mg sample from the same batch, foi{ +00] and

EXPERIMENTAL METHODS
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FIG. 2. M(H,T=2K) for increasing and decreasing field for
the field applied alon§001] (+, left axig, [110] (M, left axis), and
[100] (O, right axig. Note: the offset zero on the right axis.

FIG. 1. Applied field divided by magnetizatiotd(M) for Hlic
(O) HLc (W) and polycrystalline averageolid line) vs tempera-
ture for DyAgSh. Inset: low-temperature behavior of magnetiza-
tion divided by field forHlic (O) HLc (M), and polycrystalline

average(solid line). Although the range of stability of the kneelike stateg, M

Ms, My, and M is quite small, the fact that they exist in both
[110]. The data from the small sample were then normalize he field up and field down data leads to the conclusion that
i P hey are stable states rather than just metastable, transitional

to the larger sample data. Angular uncertainty in the rotato - .
is estimated to be less than 1°. Additional uncertainty in thetates. As a further test of the stability of these metamagnetic

. . . . . hases, the following experiment was performed. After cool-
sample orientation could arise from a failure to align the P . ;
: . . _4ing to 2 K in zero field, MH) for HI[110] was measured
axis of the sample exactly perpendicular to the applied field. ith increasing field up to 19.7 kOe, entering the kneelike

However, due to the construction of the sample holder, thi%\//I plateau, as shown in Fig. 3. Maintaining 19.7 kOe, the
1 ’ - 9. . y

misalignment should be no more than 10°. temperature was then increased up to 12 K, well above the
ordering temperature of 9.5 K, and then decreased back to 2
EXPERIMENTAL RESULTS K (inset Fig. 3) Finally, M(H) was measured for fields
greater than 19.7 kOe. These data are consistent with M

The inverse susceptibilitiFig. 1) of DyAgSD; illustrates  yoing thermodynamically stable for this applied field, since
the strong anisotropy, with the local Dy moments aligningyy,e moments would have minimized the energy after the

within the basal plane. Above 100 K, the inverse SusCeplix,nnea| » by settiing into the lowest energy state for the
bilities are linear, allowing fits to the Curie-Weiss law. The

polycrystalline average, determined by )2 ¢+ xHic)/3

N 1 T T T T M I

yields an effective moment of 1035 /Dy and a Weiss tem- 40 o7 rom o
perature of—10.1 K. Anisotropic Weiss temperatures are 35 45 o 4 7
—86.3 K for Hilc and 7.1 K forHLc. The inset to Fig. 1 | = 3 ]
clearly shows that magnetic ordering is present below 9 K, 3.0 | 320 3 ]
with the susceptibility forH L ¢ rapidly decreasing below 9 5 r=15 ] i
K. = ' .- 1.0 1 ! L t ] T

In order to better understand the nature of the ordering & 5oL 2 4 6 8 10 12 .
below 9 K, magnetization as a function of applied field was < | temperature (K) 1
measuredta K for H parallel to thec axis and for H parallel = 1.5} M ]
to [100] and[110], shown in Fig. 2. For the applied field 10'_ - ]
along thec axis, the magnetization is linear, only reaching | } _
about 1.6ug /Dy at 55 kOe. However, for the applied field 05} H = 19.7 KOs T=2K |
in the basal plane, four well-defined metamagnetic states and - ' HI 1107 -
the low-field antiferromagnetic state are observed, with the 0'018 ' 019 ' 2'0 : 2'1 ‘ 2'2 s

transition fields and the plateau magnetizations varying
strongly with the angle of the applied field. At 55 kOe, M for H (kOe)

HI[110] is slightly less than 1(.g /Dy while for HI[ 100] M FIG. 3. Detail of MH) for HI[110] for the M, state. Solid line

is approximately 7.2:5/Dy. This is consistent with the easy js v (H) at 2 K zero-field cooled, Open circlé®) are for zero-
magnetic axis being along th&10 directions. In addition, field cooled magnetic isotherm up to 19.7 kOe. Squals are
some of the field-induced magnetic transitions exhibit fieldmagnetic isotherm for the sample cooledtK from 12 K in a 19.7
up/field down hysteresis. In particular, the higher field knee«oe field. Note: the plateau at 19.7 kOe is stabilized by field cool-
like states (M and M) persist for a greater range of fields as ing. Inset: M(T) in 19.7 kOe for increasingO) and decreasing
the magnitude of the applied field is decreased. temperaturgl).
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|-'|1oorl ' FIG. 5. M(6) at H=55kOe for DyAgSh (O) and
g0 HII100] 1 DYo.07Y 0.9A0Sh, (M). Solid line isMg,= 10 rgcos().
40 ] into the melt. From the Curie-Weiss effective moment and
the saturated magnetic moment, the crystals were determined
< 30} 4 to be Dy 7Y 009sAQSh. Magnetization vs angle measure-
Q ments in a 55 kOe fieldta2 K for both DyAgSh and
T 20l i Dyg.07Y 0.03A0Sk, (Fig. 5 show that the dilutg case glosely
follows a Mxcos(p) dependencéshown by solid ling Since
only the component of the magnetization parallel to the field
10 . is measured, this is consistent with the locaPDynoments
being constrained to the nearest eddyl,0], axis within the
0 A R R R R basal plane. Although fourfold symmetry is also observed in

01 2 3 4 5 6 7 8 9 10 11 12 the M(6) scans of DyAgSh large deviations from M
(b) temperature (K) «cos() are readily apparent, where interactions between lo-
cal momentgdeviations from co%)] and hysteresifasym-
FIG. 4. Applied field-temperature phase diagrams f&f  metry of M(6) curveq affect the magnetization. These data
:l/ln([ |_1|§0(].O)(b) HI[100]. Points are determined froM (T) (M) and . . consiste_nt with a number of metamagnetic states crossing
' 55 kOe at different angles.

given magnitude and orientation of the magnetic field. By ~Magnetization isotherms are shown in Figéa)é-6(c) for
analogy, it is assumed that thesMM,, and M are also @ series of angles relative to the e4$§0] axis, divided into
stable states. three angular regions for clarity. In region #€10°), five

Figures 4a) and 4b) show the temperature-applied field different states are observed. Below 19 kOe, the compound
phase diagrams for H parallel {410] and [100], respec- orders in the antiferromagneti@\F) state. As the field in-
tively. The points were determined from the local maxima increases, a small kneelike state )Ms followed by a well-
dM/dH (shown byO) from M(H) field-increasing scans at defined plateau () with a saturated moment near
selected temperatures and dM/Shown byl) from M(T) 5 ug/Dy. Above 38 kOe, another kneelike state {)Ms fol-
scans at selected fields. Both phase diagrams are qualitlowed by a final plateau, corresponding to the saturated para-
tively similar at low temperatures, with the kneelike phasesmagnetioSP) state with a moment close to the full-saturated
M1, Mg, and M; persisting up to approximately 6 K, and the moment, g;Jug, of the Hund's rule ground state of
other metamagnetic states persisting up to about 8 K. Howt0 ug/Dy.
ever, an additional phase boundary is evident between 9.5 For angles between 10 and 28&gion Il), the magneti-
and 11 K in the H[100] phase diagram, separating the M zation isotherms become more complex, with as many as
metamagnetic state and the paramagnetic region. The lack 8éven metamagnetic states appearing, depending on the
this upper transition in the [f1110] phase diagram, com- angle of the applied field. Many of these states are present
bined with the fact that 65 kO8~10 ug/Dy, suggests for limited field and angular ranges, sometimes only appear-
that the high-field, low-temperature state may simply be dng as inflection points with no clear plateaus in the magne-
saturated paramagnet state. tization.

To study the angular dependence of the metamagnetic When the angle increases above 2&Yion Ill), the mag-
states, it is important to first determine the single-ion anisothetization isotherms become similar to Region I, with the
ropy associated with the CEF splitting of the Hund's rulelow-field AF state and two large steps (Mind M,) each
ground state multiplet. To measure this, crystals of YAgSbh preceded by a kneelike step gdnd Mg). In this case, how-
were grown with a small amount of Dy introduced ever, the maximum value for the magnetization in the
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FIG. 6. MagnetizatiorfM) vs applied fieldH) at 2 K for a variety of angles relative to the easy akid,0|. (a) angles(6) less than 10°
(b) angles between 10° and 25¢) angles between 25 and 45°.

highest-field stateN! ;) approaches only about 7425 /Dy as  increases. The solid lines in this region are fits tg(#)
seen in Fig. €&). =H./cos@) with Hcar1=19.4, H¢y »=20.6, Hp 3=37.8,
From the magnetization isothermiBigs. §a)—6(c)], the  andH.; ,=39.4 kOe, wherdd 5 ; denotes the critical field
critical fields (H.,) and saturation magnetizationsl(,) may between the AF and Mstates. The saturated moments of
be determined for each state as a function of angle, shown ihese states are all a maximum at 0° and decrease as the
Figs. 1a) and 7b), respectively. When possible, the satu-angle increases. The solid lines in the figure show fits to
rated magnetic momeniM,,) was determined by the mag- Mga=Mg€0sE) With Mga=1.0, Mga=5.0, Mgy5=5.8,
netization,M (H), midway between the bordering transition andMg,,=10.0 g /Dy.
fields (shown by® in the figure. For the highest-field states, In Region lll, the critical fields of the four transitions are
Mgy Was simply determined by the magnetization at theall minimized at 45°. Fitsshown by solid ling show that
highest field attaineds5 kOe. H.(6)=H./cos(45-6) with Har,=18.4, H,5=20.9,
The critical fields, determined from local maxima in H¢se=24.8, andH.s,=25.7 kOe. Likewise, the saturated
dM/dH, are shown in Fig. (b). For transitions at angles be- moments are maximized at 45° and vary Ms,cos(45°
tween 12 and 25°, the peaks in dM/dH were frequently broad- 6) with Mga=2.6, Mg5=3.5, Mge=4.5, and Mgy
and poorly defined, particularly for the higher-field states.=7.2 ug/Dy.
Consequently, no meaningful direct fit to an angular function
could be maddsee below o EXPERIMENTAL DATA ANALYSIS
From the magnetization isotherms shown in Fige)6
6(c) and the angular dependence of the critical fields and Despite the complexity of the metamagnetism presented
saturated momen{grigs. 4a) and 7b)], it is natural to di- in this system, it is possible to create a consistent model of
vide the analysis into three regions. Within region I, the criti-the net distribution of the magnetic moments. To facilitate
cal fields of the four state§wo large steps, and two knées this, we introduce the four-position clock modelThis
are a minimum a®=0° and increase slightly as the angle model arises from a strong CEF anisotropy restricting the



PRB 59 ANGULAR DEPENDENCE OF METAMAGNETC . .. 1125

F L ¢ mw i m when M g,p<cos(45° ), an equal number of moments are
10 ’——M : N directed along the two nearest easy orientations with the rest
L S . i =2 of the moments canceling each oth@.g., /71—, 1—)
sl V I iligﬁz E v since, cosf)+cos(90°- ) =v2 cos(45> 6). It should be
I MEes x M, noted that it is impossible to deterlmme from magnetic mea-
. M 5 8 W surements whether canceling antiparallel pairs of moments
R e = <= = o W . consist of 1| or «——. For simplicity, 7| will be used to
x —-Me%hN M 1 denote a pair of canceling moments.
s 4t ",—H’M‘i}”z—: Regions of the data in Fig. 5 are consistent with the two
: b B extremes described above. For the isolated Dy ion in the
; gf{f—{—'\i‘{—I—: Dyo.07Y 0.95A0Sh, pseudoternary the moment is always along
2r M = ] the nearest eagyl 10| axis. For the concentrated DyAgSh
9—1—1—111H—I—:c T=2K1 in which the Dy moments are ordered at low temperature, for
ob——ov v el —15°< #<15° the moments have a behavior consistent with
5 0 5 10 15 20 25 30 35 40 45 the saturated paramagnetic state. On the other hand, for
(a) 0 (deg) 30°< 6<60°, M () follows cos@—45°), consistent with an
ordered structure with a net distribution of momefus.
s5F & 1 ¢ Me. ! « T & An equally simple argument may be used to determine the
SR { s, * % angular dependence of the critical fields. Since the energy
S0 N o . 7 due to a moment in a magnetic field is ji$t M, the differ-
45'_ SP e Mg.- ‘ ] ence in energy to due to application of the magnetic field
I ., M M, ] between two different metamagnetic statesnsisting ofN;
40 :m;::::// 8." : - moments with orientations;; andN, moments with orien-
3 e, 1 tations ¢;,) is simply:
_\Y/ 35 r H a.' H -
T 30l : e i HM 22 HM M
oM Sel 1 MEe Dlcots- sl g 3 ook bl
25| é N e = 2 1
20 Zm .!"“‘“\‘\4%.___ If a critical energy Ecqy) exists, which must be exceeded to
[ i AF"*\?\‘\‘—‘—F—_ induce the next higher metamagnetic state, then the critical
e field will be given by:
5 0 5 10 15 20 25 30 35 40 45
(b) 8 (deg) Hep(6)= Ecﬂtl _
FIG. 7. Angular dependence ¢d) saturated momenty,) and — N cog - bip)]— — SN[ cod - ¢iq)]
(b) critical field (H.) using criteria described in text. Solid lines are Ny Ny

fits to the data. In principle, E¢; may be taken as a constant for a given

transition since it depends only on the differences in the cou-
similar orientations within the basal plane given hy—, |, pImglbe(tjweendthe tWOf tmhetaq:gg??tllcdstates.bThere;otre, the
—, or angles relative to the nearest ed%$0 axis (0, 90, angular dependence of Ihe crilical fields may be used (o gain
insight into the net distribution of moments of the metamag-
180, or 2705. ; . - :
netic phases withouwd priori knowledge of the details of the

. dering. For example, the critical field for a transition from
ments may be determined from the angular dependence . . :
the critical fields and saturated moments of the metamagnetic* (AF) to T”T_ (Mo) (i.e., a flip c_)f one spin _fromL to 1)
statest Since the magnetometer measures only the projectio!ll P& proportional to 1/cosf) while a transition from |
of the magnetic moment along the applied field, the angulaf®F) 10 111— (Ms) (i.e., a flip of one spin fron} to —) will

dependence of the magnetization of an arbitrary state i8¢ Proportional to 1/cos(452 ). o
given simply by: It is now possible to assign net distribution of moments

for each of the metamagnetic states. For the two large pla-
M teaus within region | 1, and SB, the saturated moment as
Msal 0) = ¢ > cog6—¢y), a function of angle closely follow$/,cos@), suggesting
' that all of the moments are either canceled by an antiparallel
where# is a continuous variable expressing the orientation oimoment(7|) or lie along the nearest axis to the figlf).
the applied field andp; is a discrete variable denoting the Since the magnetization for state SP corresponds to the satu-
orientation of théth moment relative to the easy axis, free to rated moment for DY/, all of the moments must be parallel
take values of 0, 90, 180, or 270R.is the number of mo- giving a net distribution of moments ¢f The saturated mo-
ments needed to describe the state, &his the saturated ment of M, is near 5ug/Dy, consistent with half of the
moment of the free DY ion in the CEF split ground state. moments canceling and half aligned parallel to 0° giving
Therefore, whenMg,( 8)<cos@), all of the moments are 1|11. Since the two kneelike statebl{ andM;) are stable
aligned parallel to the closest easy axis or are cancelled otibr a very limited range of fields, an accurate determination
by antiparallel momentge.g., 111| or 1117). However, of the saturated moment is difficult. However, Figa)j7

local moments to lie along one of four crystallographically

Within this model, the net distribution of the local mo-
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FIG. 8. Polar plot of the critical fieldsH;) with the metamag- FIG. 9. Detail of MH) for §=18.5° showing the magnetization

netic phases labeled. Labels 1-4 represent the critical points usedg? the Mg and M states. Lines represent calculated magnetization

the determination of the coupling constants as described in Xk the possible net distributions of momeritgven by arrows at
Note: points in upper leftO) were determined from a reflection of 18.5°

the measured dai®) across th¢100] axis.

the plateau magnetization M5 is 3.5uz/Dy, close to half
shows the angular dependence Mt for these states is of M-, indicating that half of the moments cancel, yielding a
consistent with Mg, cos@) with Mg ~1.0ug/Dy and net distribution of moments of | T—. Analysis of the two
M .7~5.8 ug/Dy. From these estimates, a possible net diskneelike states within this regioM, and Mg also show
tribution of moments foM, is 11]7/1]7/, although other similar angular behavior. From the magnetization of these
distributions with a larger number of moments cannot bestates, possible net distributions of moments are consistent
dismissed. Likewise, the magnetization\§ corresponds to  with 1]1]7— for M, and {—1—7| for Mg. The angular
71711]. The angular dependence of the critical fields withindependencies of the critical fields corroborate these assign-
region | is consistent with the net distribution of moments forments, sinced (6)=H./cos(45* 6) for a change fron to
these four states since for all of the transitioms,(6) —.

«H.cos(), which is expected for a momeror multiple Now that a plausible model for the states in regions | and
moments flipping from | to 7. lIl has been presented, we can turn the analysis to region II.
In region 1, the analysis is similarly straightforward. For Within this region(Fig. 7), many states exist for extremely
all of the states,Mq(6)>Mg,cos(45>-6) and H,(6) limited range of fields and angles, greatly complicating the

xH./cos(45% 6). This behavior is consistent with an equal analysis. Furthermore, two new states appear at high fields,
number of unpaired moments parallel and perpendicular td1s andMg. This situation is simplified if a polar plot of the
the nearest easy axi$—). Starting withM,, we see that critical fields is made(Fig. 8. From the polar plot, it be-
maximum magnetization is about 7.2 /Dy, corresponding comes clear that many of the transitions observed in region II

to 71—, since 7.2ug/Dy~10ug/Dy cos(45°). Likewise, arise from theM(H) scan crossing a corner of a larger re-
gion of phase space, as shown by the line representing the

TABLE I. Energies of metamagnetic states. M(H) scan at 18.5°.
TABLE II. Net distributions of moments for all of the observed
State Energy of the state metamagnetic states and the measured angular dependence of the
AF (1]) K+ Ky—KgtLy+Lo+Ls saturated moment for each state.
SP(7) Ki+Ky+Kg+Li+Ly+Lsz—hy
i Ko— L1+ Lo—Lo—1/2(h+h)) State Net Moments Msa ) (1)
1 — (K, +K,)/3+Ks+Ly+Ly+Ls—hJ3 AF 11l 0
11— (Ky+Kp+3K3—Ly—Lp+3L;—2h,—h)/3 F 1 10.0 co$f)
mrl Li+Ly+Ls—h2 M TUTLTLTLTLT 1.0 cog0)
11— (Ky+ Ko+ Kg)/2— (3h+hy) /4 M, 111 5.0 cog6)
11— — K2~ (h+hy)/4 M 111 5.8 co$0)
11— —(Ky— Ko+ K3)/2— (he+hy)/4 M, T — 2.6 cosf—45°)
1111 (Ky+Ky+Kg)/5+Ly+Lo+Ls—3h /5 Mg 11— 3.5 cosh—45°)
M111 — (3K, —Ky—K3)/5+ Ly + Lo+ Ls—hy /5 YR 11 —T— 4.5 cosf—45°)
1T=1— (Ky+3K,+3K3— 3Ly +Ly+Ly—3h,—2h,)/5 M- 17— 7.2 cosf—45°)
1171 (Ky+ Kyt Ka)/3+Ly+ Lo+ Ls—2h /3 Mg M- 7.0£0.3

1]—e—  —(2K;—Kp—Ly+L,)/3~Ls—(h,+h,)/6 Mg M7= 7.8+0.3
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In the polar plot, the angular dependencies of all of thefields, is used, the magnetization suggests that the net distri-
transitions becomes clear, particularly critical fields involv-bution of moments oMg and Mg are likely given byT—
ing the two states existing only in region Il. As seen in Fig.and117—, respectively. However, other distributions con-
8, four types of transitions are observed, each possessirtgining larger numbers of moments cannot be ruled out.
linear phase boundaries, but with slopes in the polar plot of A more detailed investigation into the nature of the mag-
either 0,%, +1, or —1. Since the general equation of a netic order for each of the metamagnetic phases is possible,
straight line(with slopem andy interceptb) on a polar plot now that a consistent model for the net distribution of mo-
is given by R@)=Db/(sin 6+mcosé), the angular depen- ments for each state has been determined. Within the “four-
dence of H may easily be deduced from the polar plot. position clock model,” the Hamiltonian of an arbitrary mag-
Within the lower-right half of the phase diagram, the slopesnetic stated consisting of momentg; may be obtained by
angular dependencies, and change in net distribution of man extension of the anisotropic next-nearest neighbor Ising
ments are given by: (ANNNI) model, to include four possible directions instead
of two and interactions with more than the next-nearest
neighbors. We introduce the general spin-chain Hamiltonian

m=0 Hc(0)cHc/sin 6 — 0 — with interactions between all spins:

m=o0 H.(#)xH_/cos 6 | to7

m=+1 H.(6)ocH_/sin(45°— 0) — to 7 w o

m=—1  H(6)xH./cog45°—6) | to — H(®)= 2, 2 [Kncod di—dirn)

This is consistent with the transitions previously discussed.
Furthermore, since § g (the criticgl_field between statéd; +L,c0582i— )]
andMg), Heg g, andH g spall exhibit slopes of near unity in
the polar plot, these transitions correspond to flips of one o w0
moment from— to 7. It should also be noted that deviations _ _ .
from linearity or a slope deviating from the aforementioned hxizz_x cos ¢ hyi;m sin &,
ones may indicate more complex transitions.

With the net distributions of moments M, known to be
T— and SP known to bg, it follows thatMg and Mg will whereK,, andL,, are coupling constants); represents the
then consist only of a number d¢f moments and a smaller angular orientation of the mome(donstrained to only 0, 90,
number of— moments. The next step then is to determinel80, or 270° by the CBEFof ion i, andh, andhy are thex
this distribution. Unfortunately, considerably larger slopesandy components of the applied field, respectively. As writ-
are present in the magnetizations of tfig and M4 states, ten, the Hamiltonian includes all spins, since the summation
making an accurate determination of the saturated momemn n runs from 1 to infinity. With up to 3rd nearest-neighbor
difficult. Figure 9 shows an expansion of a selecké@H) interactions, stable phases are calculated with periods up to
scan in this region with the calculated magnetization of someix moments, with Table | listing the energies of some of
of the possible distributions of moments. If the midpoint of these metamagnetic states. For the transition from metamag-
the magnetization plateau, between the neighboring criticahetic stateD, to ®,, the critical field may then be given by:

HCZ,l( Biq)lICDZ)

_ 3137 Ko [COS ¢ 2= bin2) — COS i 1— bin1) 1+ L[ COS 2 i 3= i 2) — COS 2 by 1— i) I}
3L _.[cod - ¢iz) —cod 6—¢hiq)] '

where the numerator is the energy that must be overddgeto stabilize the new state, as discussed previously.

Once the net distribution of moments for each state is determined, summarized in Table I, it is possible to calculate the
coupling coefficient¥,, andL,, in the Hamiltonian. To do this, it is helpful to return to the polar plothf(Fig. 8). Here, the
angular dependencies are more readily seen, especially for the intermediate (@@gies 1). The following series of
equalities and an inequality may also be acquired from the triple points in the phase diagram, labeled 1-4 in the lower right
half of the diagram.

hiy=2(K;—K,+Kg)=20 kOe hy=—4(Ly+L,+L3)=7 kOe
hay=2(K;+Kgz)+4L,=24 kOe hyy=2K,—4(Ly+Lg)=11 kOe
hax=2(K;+Kz)—4L,=34 kOe hg,=h,,
hux=2(K;+K,+Kg)=38 kOe hyy=hy,
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temperature expansion of the free energy. In principle, the
introduction of this longer-range coupling may significantly
perturb the entire calculated phase diagram, providing the
40+ energies are large enough. However, observations of the sta-
’ bility of the calculated phase diagram suggest that the
longer-range interactions are quite small. For instance, taking
K,=0.25 kOe introduces thisl; phase(T|T/T1T/T]1) into

the calculated phase diagram, with subsequent shifts of the
other coupling constants by the same order of magnitude as
K,. These shifts are an order of magnitude smaller than the
original values for the coupling constants, and will only af-
fect the regions in the phase diagram near the present phase

H_sin(e) (kOe)

2 ] boundaries, keeping the main features of the diagram intact.
0l . B R (1101} Therefore, for the sake of simplicity we have refrained from
0 10 20 30 40 50 considering higher-order interactions.
H cos(6) (kOe)
CONCLUSION

FIG. 10. Phase diagram determined from calculated-coupling
constants. Arrows represent net distributions of moments for each We have shown that the CEF splitting of the Hund's-rule
of the metamagnetic states and point in the actual direction of thground state creates a strong anisotropy where the magnetic
magnetic moment. moment of the D§" ions is constrained to one of tH&10
orientations within the basal plane. Interactions between the
In addition, since the[ 7| state does not appear in the Dy*" ions create a rich system where up to 11 different
phase diagram, its energy must be greater than that for theetamagnetic states become energetically favorable, de-
111] state. Therefore, { K{/3—K,/3+Ks+L;+Lso+Lg pending on the magnitude and direction of the applied mag-

—h,/3)>(L,;+Ly+L3z—h,/2), gives K3>K +K, netic field. From the angular dependence of the saturated
—1/2h,,. Finally, since antiferromagnetic ordering is ob- moments of each state and the critical fields between the
served for zero fieldK; must be positive. states, net distributions of moments may be deduced. Finally,
Solving these equations yields the following coupling within an extension of the ANNNI model, the “four-position
constants: clock model,” the coupling constants in the Hamiltonian
may be calculated from the triple points in the phase dia-
K,=12.25 kOe L,=-0.5 kOe gram.
K,=4.5 kOe L,=—-1.25 kOe Future experiments including high-field magnetic mea-
K;=2.25 kOe L3;=0 kOe surements and neutron scattering would be useful to deter-

mine the strength of the CEF anisotropy and wave vectors
Figure 10 shows the main features of the phase diagrarassociated with each of the metamagnetic states.

calculated with these coupling constants is in good qualita-
tive agreement with the measured phase diagram. However,
the longer period phased(;, M3, M4, Mg, andMy) are ACKNOWLEDGMENTS
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