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Detailed measurements b (2 K, H, 6) of HoNi,B,C, whered is the angle that the applied field makes
with the [110] axis while remaining perpendicular to the crystallographiaxis, reveal three metamagnetic
transitions with angular dependencell;;=(4.1+0.1 kG/cog6), H;»,=8.4+0.2 kG/co$¢), and
H.3=(6.6=0.2 kG)/sin(¢), where¢=6—45 is the angle from thgLO0] axis. The high-field saturated moment,
M ar~10ugcosd is consistent with the local moments being confined to [th&0] direction. The locally
saturated moments for fields betwdeg (i =1,2,3 also manifest angular dependences that are consistent with
combinations of local moments alohfyL 0] axes. Analysis of these data lead us to infer that the net distribution
of moments is(1/7]7]) for H<H, (11111]) for Hy<H<Hg, (11—11—) for Hep<H<Hgg, and
(T11117) for H>H3. [S0163-18207)02902-Q

INTRODUCTION diagramg*®817|n addition to the anisotropy found between

The RNi,B,C (R=Gd—Lu, and ¥ series continues to magnetization data collected with the field applied parallel

. . = and perpendicular to the crystallographiicaxis, there is a
yield new features of interest. F&#=Y and Lu the super- substantial anisotropy between the magnetization for the

conducting transitipn tezmpgratur@ are approximately 15 field applied along th&100] and[110] axes, both of which
and 16 K, r.efspectwel}/, Whlle for Rsz, Er, and Ho' SU-  gre perpendicular to th®01] (c axis.
perconductivity and antiferromagnetic order coexist for g, HoNi,B,C, this anisotropy between the magnetization
T<Tn<T..>® whereTy is the antiferromagnetic ordering with the field applied along thg100] axis, Mg, and the
temperature. In DyNB,C the progression of the ordering magnetization with the field applied along the10] axis,
temperatures is reversed, giving rise to a rare example of g1, manifests itself not only in the high-field saturated
compound, with nonhybridizing f4electrons, withT.<Ty.°  magnetizatiort® but also in the critical field values of the
Recently single crystals of YbbB,C have been growH,  two metamagnetic phase transitions foundTat2 K for
and while it is not a superconductor far>0.35 K, it is a H<50 kG for these two orientatio$'” Finally, for the
heavy fermion compound with a Sommerfeld coefficient ofapplied field perpendicular to theeaxis, but not along one of
=530 mJ/mol K. TbNi,B,C and GdNjB,C do not mani- the two principle in-plane axes, there can be three metamag-
fest superconductivity folf >2 K12 put TbNi,B,C has a netic phase transitions at=2 K for H<50 kG’ These data
phase transition from antiferromagnetic ordgér<15 K) to  indicate that there may be a rich angular dependence of the
an ordered state that has a weak ferromagnetic component bf (T=2 K, H).
0.5 ug/Th for T<8 K.t In this paper we present a study of the angular depen-
The RNi,B,C materials have extremely anisotropic mag-dence ofM (T=2 K, H, 6) for HoNi,B,C. As a result of this
netic properties folR=Er23 Ho,"81415py % and Th!"®  study, we show that remarkably simple geometric relation-
Due to crystalline electric fieldCEF) splitting of the ground-  ships exist between the critical fields of the three metamag-
state multiplet of theR*2 ion, the moments foR=Er-Tb  netic phase transitions and the angle the applied field makes
are essentially confined to the basab plane for tempera- with respect to the nearest10] axis. Similar simple angular
tures comparable to and beloW and T,.6-°1113-6The = dependences emerge for the high-field-saturated moment as
lower-energy CEF splittings and levels have been deterwell as the locally saturated magnetization plateaus found for
mined in detaff® for R=Ho.) This anisotropy manifests itself fields between the metamagnetic transitions.
in the temperature dependent magnetizatib(l), as well After an overview of the experimental techniques used to
as in the field-dependent magnetizatibh(H) isotherms. grow and characterize these crystals, we will present our data
The effects of these anisotropies also appear in upper supeand discuss how our results lead to a simple picture of the
conducting critical field H,,(T) and Ty(H) phase net distribution of moments along thi&10] axes.
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EXPERIMENTAL METHODS T J T T T y T T T

) ) ok HONiB,C  T=2K i
Single crystals of HONB,C were grown using the Ames ~ {  ~° _————""7""7"77

Lab Ni,B flux-growth techniqué:?® Polycrystalline samples I O B 200 """""""""""
of HoNi,B,C were synthesized by arc-melting together sto- 8 ?i"_, g
ichiometric amounts of H¢99.99 Ames Lap Ni (99.9,B il
(99 atomic and 99.5 B-11 isotopic, Eagle Pigheand C ] N/ A
(99.99. The polycrystalline HONB,C was then heated with % I
an equal weight of NB in a Al,O; crucible under a flowing = 4t
Ar atmosphere to 1490 °C and cooled to 1200 °C over 60 h. =

The growth was then cooled to room temperature and the
single-crystal samples were removed from the remaining
Ni,B flux. i

This technique can yield single crystals as large as 800 0 : ]
mg that have the form of plates as large axZ&0.75 mn. ‘ ' : ; .
The crystallographic axis of the tetragonal unit céfl is

; . (@) H (kG)

perpendicular to the surface of the plate. In addition the crys-
tals tend to facet along tHA.00] axis. 10 . . . T . ; . T

The majority of the magnetization measurements have | HoNB,C
been carried out in a Quantum Desi@@D), superconduct- T=2K / -
ing quantum interference devi¢€QUID) magnetometer. A 8 o /
modified version of the QD sample rotator probe, that allows
for the rotation of the sample in a manner that keepscthe
axis approximately perpendicular to the applied field at all
times, was used. Due to the large sample moment and the
large anisotropies associated with the sample magnetization,
a small sample mass of approximately 0.5 mg was used with =
the rotator probe. This was necessary so as to avoid torques
large enough to cause slippage of the rotor. In order to elimi-
nate uncertainty associated with weighing erroké;qq,
M 110, andMyo; Wwere measured on samples weighing up to
two orders of magnitude more. The magnetization data from
the rotator was normalized to thé,,, data, leading to per-
fect agreement with thM ;o data. The rotator has a relative
angular uncertainty of less than 1°, but due to the small o _ _
sample size and the nature of the probe, there is an uncer- F'G- 1. (8 MagnetizationM versus applied field oH of
tainty associated with the angle that theaxis makes with ~HONIzB2C atT=2K for Hilc andH.L c. ForH. c, the applied field
the applied field. Instead of being exactly perpendicularMakes an angl® with respect to th¢110] crystaliographic axis
there is the possibility that the axis makes a cone of revo- (_see insgt (b) M versusH for ¢=20° for increasing and decreasing
lution about the desired normal to the applied field. Thef'eld'

angle of this cone of rotation is anticipated to be small, but it _ " .
is poorly determined in the experimental set up. This angle id€termined to within 50 G by observing an extremely sharp

estimated to be less than 10°. torque transition at thel.; phase boundary. This is the only
High magnetic-field magnetization data were collected fordata set not takert& K and the effects of elevated tempera-
fields up to 180 kG using a vibrating-sample magnetometefiré Will be discussed below.
(VSM) located at the National High Magnetic Field
Laboratory-Pulsed Facility in Los Alamos. A platelike DATA
sample weighing 28 mg was attached to a plastic disk that
was rigidly oriented with respect to the applied field at the M(2 K, H, 6) data are shown in Fig.(& for representa-
onset of each run. Given the larger sample surface area, wive angles of applied magnetic field. With the exception of
were able to more accurately determine tHdtc, but since  theHllc data,H is approximately perpendicular to tleeaxis.
the angle that the applied field made with respect td 106) 6 is the angle the applied field in the tetragonal plane makes
axis was determined by eye, the error bars associated withith respect to the neareft10] axis. M, (6=0°) is the
the orientation of the field in tha-b plane are large and are easy magnetic axis and at high fieMs ;o approaches 1 .
estimated to bet4°, There are clear metamagnetic transitions inthg, data at
On the other extreme, precise determinations of the firstd.;=4.1 kG andH.,=10.7 kG. For fields belowH., the
low-field, metamagnetic phase transitidd.,;, were made structure of the magnetically ordered moments is simple
using torque magnetometery techniques. A piece of crystaintiferromagneti¢? Whole a-b planes of Ho moments align
weighing approximately 0.05 mg was cleaved from a largefferromagnetically, and these sheets are rotated by 180° with
sample and mounted so the the applied field could be rotatespect to each other along tkeaxis. As the angled be-
in thea-b plane. Data were collected at 4.28 K ardg, was  tween the applied field and tHd10] axis increasesH;

(1glHo)

20 25

H (kG)
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FIG. 2. (a) Critical magnetic field$d, (circles, H., (triangles, andH 3 (crossesof HoNi,B,C versus angle in tetragonal basal plane
from [110], 6. (b) H.3 versusé, solid line isH 3=6.6 kG/sinp, where$=45— 6. (c) H, versusé, solid line isH.,=8.4 kG/cosep. (d) H,
versusé, solid line isH;;=4.1 kG/cosh. Note: For(b)—(d) determination ofH.; via both maximumdM/dH (circles and midpoint of
transition(crossepsare shown.

increasesH., decreases, and a third metamagnetic phasel.,, and H.;. Figures 2b)—2(d) display enlargements of
transition,H .3, separates itself frorhl., and increases rap- these data with the critical field determined from both the
idly. In addition, asf increases, the size of the junggM ;) maximumdM/dH as well as the midpoint of the transition.
in the magnetization at.; as well as high-field saturated As can be seen there is very little difference between the two
moment(M,), decrease. criteria. The data shown in Fig. 2 are consistent with a four-
All of the data in Fig. 1a) has been collected for increas- fold symmetry associated with the tetragonal basal plane. For
ing applied magnetic field. Figure(d presents data col- 6>45°, H.; and H.; decrease, whileH,, having passed
lected on increasing and decreasing applied fieldgfeR0°.  through a local minimum afi=45, starts to increase again.
H.; andH.; manifest modest hysterisis ait], is not hys- In order to examine the angular dependenceHgf in
teretic to within our resolution. The size of the hysterisisgreater detail magnetotorque measurements were performed
changes only slightly with. For the rest of this paper only atT=4.28 K. As the applied field is increased frdf<H .,
data taken for increasing field will be considered. to H>H_, there is a sudden increase in the torque on the
Metamagnetic transitions are clearly seen in Fig. 1. Thesample. The field at which the sudden onset of torque on the
value of the critical fields of the phase transitions can besample is observed is plotted in Fig. 3 as a functiongof
determined by using the local maximadiM/dH. Using this  There is a clear periodicity to the data, with a local minima
criterion, Fig. Za) shows the angular dependenceldf;,  for HI[110] and a sharp local maxima fét/[100]. Unfortu-
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FIG. 3. H¢, versush of HoNi,B,C for T=4.28 K as determined ' ' ' ' '
via magnetotorque measurements. Solid lihg=3.3 kG/co9. 100 - T
nately, due to the large forces on the sampleHorH,,, the 80 [ .

magnetotorque apparatus used for these measurements was
not able to resolve subsequent metamagnetic transitions.

H .5 rapidly increases a8—45°. In order to determine to 9
how high a field H.; continues to exist, we measured ;%
M(2 K, H, 6) for fields up to 180 kG. These data are shown 0
in Fig. 4@ and theH 5(6) diagram is show in Fig.@). The L
transition can be clearly seen for fields up to 100 kG, and if 2
finer angular resolution had been available it seems likely
that for @ closer to 45°H ;5 could approach 150 or 200 kG.

In addition to the angular dependence of the critical fields 0
of the metamagnetic transitions there is an angular depen-
dence to the saturated moment for various field ranges. FO(Ib)
H.>H°3 the magnetization approach(_es a safuration value. FIG. 4. (a) High-field M versusH HoNi,B,C for various angles
:Llﬁg:‘r?e?]?; p{aelfs:tsu:ﬁ;r?]eed gggrg:ﬁz}gmrgg;:r%? rgiflﬁi. (b) H¢3 versusé as determined from data {@). The solid line is
HoNi,B,C and(Hog od-Ug g9 Ni,B,C samples. The data were Hea=6.6 kGsing as determine from Fig.(8).
taken at 50 kG, rotating the sample in the applied field be- N .
tween data points. Both the dilute and concentrated HGNOWN in Fig. &) for ¢ values that manifest separateid,
samples manifest a simple angular dependence of the satfidMes: .
rated moment. For HobB,C there is the possibility ofl ;5 One other.param'eter that can b,e egsny measured as a
moving through 50 kG a§—45°, but as shown in Figs(d) function of @ is the jump in magnetization dt.; (AMy)

: : At hich is plotted in Fig. &) using both lower field and
and 4a), the jump in magnetizatioM M) at H.; decreases w S P 9 L2
asH,, increases, leading to no distinct feature in the purdligher field data sets shown in Figsalland 4a). AM 5, was

HoNi,B,C data shown in Fig. ). For both dilute and con- detérmined by linearly extrapolating the>H; M(H) data

centrated Ho, there is a broad, local maximum for the field© H<Hc3 and theH <_Hc3 M(H) data toH>H3 and mea-

applied along thé110] direction. suring the difference i between these two extrapolations
For values of the applied fielt ,;<H<H,, there is a atH=Hes.

plateau in magnetizatidiFig. 1(a)]. Since this plateau exists

over a limited range of fields, it is hard to uniquely determine ANALYSIS

its saturation value so saturation valuds,, based on(i)

linear extrapolation of the plateau back to zero applied field Figure 5a) clearly demonstrates the CEF-induced anisot-

(circles, and (ii) the midpoint value of magnetization ropy of the HG® moments in HoNiB,C at T=2 K. The

M([H¢1+Hel/2) (crossep are plotted in Fig. &). Both M (2 K, 50 kG, 6) data for(Hog gJ-ug g9Ni,B,C are well fit

criteria yield data sets with a broad maximum f8i{110]. by (9.85ug)coq6), shown as the solid line in the figure. The

SinceH., and H_; merge for @ close to 0°, the saturated HoONi,B,C data follow a similar angular dependency, but de-

moment forH ,<H<H_3, Mg4s cannot be determined for viate from the dilutgHog ol ug 99 Ni-B,C data slightly. This

all 6 values. In addition, sinckl; increases rapidly ag8is is probably due to interactions between the Ho sitas

increased, it is even more difficult to choose a unique criteriananifest byH.;). These angular dependences are consistent

for determiningM ., (6). Data forM,» (2 K, 13 kG, 6) are  with the Ho moment being fully along the10] direction.

60 -

o w0 2w %
0 (deg.)
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FIG. 5. (8) Magnetization of HoNiB,C and (Lug odH0g g9)Ni»B,C versusé for T=2 K and H=50 kG (Mg,) versusé. Solid line is
M,=9.85ugcod. (b) Locally saturated magnetization fét,;<H<H., (M4 versusé determined by two different criteria, see text.
Solid lines are 3.2pgcos¥ and 3.0Qugcosh. (c) Locally saturated magnetization féf.,<H=13 kG<H 3 (Mg Vversusé. Solid line is
3.25ug (2 cog+sind). Note that the grey zone is the region for whikh,,, is not measurablgd) Jump in magnetization & .3 (AM3)
versusé. The open and filled symbols are from SQUID and VSM data sets, respectively. The solid lineigsig#4

This would lead to the longitudinal moment measured by themost simply seen in théd.; data. Figure 3 manifests a
SQUID magnetometer varying as,£os(@). simple H Y, /cosd dependence wherd %, is a multiplicative

Figure 8b) displays a similar angular dependence of theconstant equal to the value blfcé at 6=0°. The solid line in
magnetization plateaM ¢, for fields betweerH.; andH . Fig. 3 is a fit to this form withH ;;=3.3 kG. TheH ., data in
In this case the magnetization varies €&25ug)coq6) Fig. 2(d) have a similar angular dependence, but in this case
where it should be noted that 3,25 is very close tou,{3.  there is a slight asymmetry associated with the deviation of
Two features of this simple angular dependence merit atterthe direction of the applied field from the tetragoralb
tion. First, the fact that the magnetization varies as(@os plane. The solid line in Fig. @) is of the form
again indicates that the net moment is alonfla0] axis. H.=H 2 /cog6) with HY =4.1+0.1 kG. The 20% decrease
Second, the prefactor being essentialy,/3 strongly sug- in H?; upon raising the temperature from 2.qRig. 2(d)] to
gests that this first metamagnetic state is simply related td.28 K (Fig. 3) is fully consistent with the temperature-field
moment arrangements such(@$|11]) where the moments phase diagram for HobB,C for HlI[100] presented by Rath-
are along[110] axes. This interpretation of the angular de- nayakaet al.® which shows a decrease of approximately
pendence of these data implies that the sample is a singl0%.
magnetic domain for fields aboue.;, therefore it is likely H., andH.; have equally simple and suggestive angular
that the metamagnetic transition Ht,; consists of both a dependences. Whild ., remains finite over the whole range
change in magnetic structure and a spin flop of domains. of angles of the applied fielgFig. 2(c)], H.; seems to di-

In addition to the angular dependences of the saturatederge as¢—45°[Figs. 2b) and 4b)]. This behavior is con-
moments, clear angular dependences of the critical magnetgistent withH., andH.; also having simple angular depen-
fieldsH.;, Hep, andH.; are apparent in Figs. 1-4. This is dences on inverse trigonometric functioik,, can be fit to
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— axis? andii) Why doesH .5 diverge as 1/sif¥)? The answer
to both of these questions lies in the nature of the magnetic
order associated with the metamagnetic state that exists be-
tweenH., andH.;. If this metamagnetic state has an order
that has a net distribution of momentsl—11—) along the
[110] axes(see Fig. & where — represents the moment
being along the[110] direction, then the angular depen-
dences ofH., andH_; are trivially explained by the same
argument used above fdf;;. The energy difference be-
tween the first and second metamagnetic states will be
H* pe,(2 co+sing—cosh)/3=v2/3 H* ug,co0445— 6)=v2/3
H* ue,0sp. This gives rise toH,x1/cosp. In a similar
manner the energy difference between the second metamag-
Uiind g LR N netic state(7T—717—) and the saturated paramagnetic state
10 i At will be H*ug[cost—(2 cow+sing)/3]=v2/3
H* u,8iN(45—6)=v2/3 H* ugsing. This gives rise to
IERERY H g 1/sing.
M The net distribution of Ho moments then can have four
possible configurations which are shown schematically in
AR Fig. 6. For H<H,, the net distribution of moments is
0_60 : 4;0 . _2'0 : (') . 2'0 . 4'0 e (T1717]). ForH, <H<H,, the net distribution of moments
is(T11171). ForH 3<H.5 the net distribution of moments is
O (deg.) (17—11—), and forH 3<H the net distribution of moments
_ ) _ R is (TT7711). This series of net distributions of Ho moments
FIG. 6. Schematidd-0 phase diagram with net distribution of along the[110] axes fully explains the angular dependence

moments show for each of four regions. Note that moments ares the critical fieldsH,;, Hp, andH . as well as the simple
solely along[110} axes. angular dependences bfg,; andMg,;. It should be empha-

H.,=H %/cosp, where ¢ is the angle that the applied field sized that, at this point, we describe the arrangement of mo-
makes with the neares{100] axis (¢=45-¢) and Mentsas net distributions of moments rather than structures.
H2,=8.4+0.2 kG. By the same tokenH =H %/sin ¢, No assumption about the natuf@ave vector of the long-
where H%;=6.6+0.2 kG, leading toH; diverging as range ordered structure has been made.
¢—90. The solid lines in Figs.(®) and Zc) are fits to these Two data sets still need to be examined in light of this
forms. simple framework of net momentda ., and AM3. Mgy

Figure 4b) demonstrates thaH.; exists up to fields would be expected to vary as,(2 co9+sing)/3. This an-
greatly in excess of the 55 kG available in the QD SQUIDgular dependence, shown as the solid line in Fig),5oes
magnetometer. Due to the large angular uncertainty assoaot fit the data well. This may be due to a failure of our
ated with the mounting of the sample these data are not tosimple model of the net moments betwde¢g, andH 3, but
useful in determining the value &f 2;, but as shown by the it is more likely that this is symptomatic of the fact that the
solid line, the above formH ;=H %/sing with H%=6.6  saturated moment between these two fields is extremely hard
kG, describes the data adequately. The most important fede determine experimentally.
ture of the data in Fig.@) is thatH .5 is still detectable up to AMgj is expected to vary as the difference betwéég,
100 kG, and shows no indication of saturation. and Mg AM;=pug(cos9—sing)/3=v2u,sin(45— 6)/3=

The angular dependence bff, is easily understood in v2ug,sing/3. In Fig. 5d) this angular dependence, shown as
light of the Ho moments being primarily along thi&10]  a solid line, fits the data remarkably well. The agreement of
axes. The applied magnetic-field-dependent energy differthis prediction with the data gives further support to the hy-
ence between the zero-field antiferromagnetic structur@othesis that the experimental determination Hf,, is
(117111) and the first metamagnetic structufg | 17]) with  flawed and that the choice ¢f7—117—) for the net moment
1/3 of the full Ho moment along thgl10] axis (see Fig. &  distribution forH ,<H<H_5 is correct.
will vary as H* ug,c096)/3. (It should be noted that mo- The net distribution of moments and the angular depen-
ments along th€110] are shown a$ and moments along the dences oH; need to be examined theoretically and experi-
[110] are shown ag.) |If there is a critical energy differ- mentally. In specific the values bfgi as well as the fact that
ence,Ecg;r, that has to be exceeded to stabilize the firstH ., andH; merge, allowing for a transition frori1/77])
metamagnetic state, then the critical field will vary asto (117117) for small 6, provide well defined parameters for
3*Ecrit/isar CO960). Simply stated, the moments being theoretical analysis of the HoMB,C system. The extreme
along the[110] axis easily explains a 1/ct® angular de- anisotropy of the of the local Ho momefnly four posi-
pendence. tions makes this a particularly simple magnetic system.

At first, the angular dependences Hf, and H.; are  Field-dependent neutron-diffraction and/or magnetic x-ray-
seemingly not so simply understood. Two obvious questionsliffraction measurements need to be performed on single
arise:(i) Why doH., andH_.; seem to depend on the angle crystals to determine the wave vectors of the ordering asso-
¢ from the[100] axis instead of the anglé from the[110]  ciated with the net distributions of moments described

30

20

ettt

H, (kG)
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above. Once this microscopic data is available, detailed themr magnetic x-ray-scattering measurements will be needed to
retical analysis of this system should be fruitful. provide the microscopic data needed to test these simple hy-
pothetical net distributions of moments.
CONCLUSIONS

Detailed measurements bf(2 K, H, T) for applied fields
in the tetragonah-b plane of HoNjB,C have revealed re-
markably simple angular dependences of three metamagnetic We thank Mike Urbach at QD for helping modify the
states. The critical fields vary with the angle the applied fieldrotator to allow for continuousH ! c measurements. We
makes with the neare$l10] axis, 6, and the neare$tl00]  thank Professor Torikachvili for helping in the setup of the
axis, ¢, asH;=4.1 kG/co9, H.,=8.4/cosp, andH 3=6.6  VSM at the NHMFL-Los Alamos. Ames Laboratory is op-
kG/sing. The locally saturated moments vary as erated for the U.S. Department of Energy by lowa State Uni-
M¢,=9.85ugcosd for H>H;, and Mg,;=3.25ugcos) for  versity under Contract No. W-7405-Eng-82. This work was
H. <H<H,,. These angular dependences of the criticalsupported by the Director for Energy Research, Office of
fields and saturated moments are consistent with a series 8fasic Energy Sciences. Work at the NHMFL-Los Alamos
net distributions of H&" moments as followst]|1]7]) for ~ was performed under the auspices of the National Science
H<Hg, (11117)) for Hu<H<H, (11—11—) for Foundation and the U.S. Department of Energy. Work at
H<H<Hgs, and(177111) for H>H_5, with the moments Case Western Reserve University was supported by NSF
solely along[110] axes. Field-dependent neutron diffraction Grant No. DMR93-07581.
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