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de Haas—van Alphen and Shubnikov—de Haas oscillations have been used to study the Fermi surface of the
simple tetragondRAgSh, series of compounds witR=Y, La-Nd, and Sm. The high quality of the flux-grown
single crystals, coupled with very small extremal cross sections of Fermi surface, allow the observation of
guantum oscillations at modest fieldd €30 kG) and high temperaturésp to 25 K in SmAgSh. ForHillc,
the effective masses, determined from the temperature dependence of the amplitudes, are quite small, typically
between 0.07 and Ong,. The topology of the Fermi surface was determined from the angular dependence of
the frequencies foR=Y, La, and Sm. In SmAgSh antiferromagnetic ordering below 8.8 K is shown to
dramatically alter the Fermi surface. For LaAg$ind CeAgSh the effect of applied hydrostatic pressure on
the frequencies was also studied. Finally, the experimental data were compared to the Fermi surface calculated
within the tight-binding linear muffin-tin orbital approximation. Overall, the calculated electronic structure was
found to be consistent with the experimental da&0163-18209)09443-¢

[. INTRODUCTION ization of the Fermi surface of these compounds.
After a brief presentation of the experimental methods

Recent measurements of the primitive tetragd®dagSh,  specific to the investigation of the quantum oscillations, data
series of compounds have shown these materials to manifesill be presented on the frequency spectra of de Haas—van
rich and complex magnetic and transport propeftieShese  Alphen and Shubnikov—de Haas oscillations in Bw&gSh,
compounds crystallize in the primitive tetragonal ZrGCuSi series forR=Y, La, Pr, Nd, and Sm. The calculated Fermi
structure (P4nmm No. 129, which consists of surface will be used to discuss the origin of the various ob-
Sh-RSb-Ag-RSb-Sb layers with the rare earth in a position served frequencies and their angular dependence. Finally, the
with tetragonal point symmetrgamm). The crystal electric- temperature dependence of the oscillations will be used as a
field splitting of the Hund’s rule ground state constrains theprobe of the effects of magnetic order on the electronic struc-
local magnetic moments to lie within the basal plane forture of the compounds.
most of the compounds. Additional anisotropy is also ob-
served within the basal plane of DyAgshIn this com-
pound, up to 11 different metamagnetic states exist, depend-
ing on the magnitude and direction of the applied field within  High quality single crystals of thRAgSh, series of com-
the basal plane. The magnetic ordering temperatures rangmunds withR=Y, La, Pr, Nd, and Sm were flux grov?/n
from below 2 K in TmAgSh to 12.8 K in GdAgSk and  from an initial composition oRg g4Adg 0915y gs4 This Sb-
approximately scale with the de Gennes factor which indiich self-flux was chosen because of its low melting tempera-
cates the exchange interaction between the local momentstisre and because it introduces no new elements into the melt.
indirect, via the Ruderman-Kittel-Kasuya-YosidRKKY)  The additional silver content also helps to preclude forma-
interaction. tion of RSh,, an interestingbut currently unwanted second

Although the magnetic properties of tH®AgSh, com-  phase. The constituent elements were placed in alumina cru-
pounds have been characterized, little is currently known o€ibles and sealed in quartz under a partial argon pressure.
the electronic structure. The transverse magnetoresistance Dhe starting materials were heated to 1200 °C, and then
the RAgSh, compounds was previously shotto be very  cooled to 670 °C over 120 h. Removal of the flux revealed
large[Ap(H=55kG)/py~60 in SmAgSh] and strongly an-  platelike crystals with dimensions up tox1x0.5 cm and
isotropic with a much greater response for the field appliednasses of nearly 1 g. Theaxis was perpendicular to the
parallel to thec axis than within the basal plane. The mag- plate.
netoresistance in all compounds is nearly linear and no signs As previously reported? powder x-ray diffraction and
of saturation were observed in any of the compounds in apsingle-crystal x-ray diffraction were used to verify the crystal
plied fields up to 55 kG. Furthermore, the transverse magnestructure and determine the purity of the single crystals. The
toresistance of LaAgShdoes not saturate up to 180 kG, lattice parameters were consistent with previous repdrts
which suggests that thRAgSh, compounds are low carrier and no site deficiencies were observed. Extremely weak
density compensated metals. The detailed study of de Haageaks corresponding to a small amount of residual Sb on the
van Alphen(dHvA) and Shubnikov—de HadSdH) oscilla-  surface of the single crystals were observed in the powder-
tions presented here allows for a more thorough charactediffraction data.

Il. EXPERIMENTAL DETAILS
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The magnetization measurements were performed in a F\I“Vm;l T T o T T
Quantum Design superconducting quantum interference de- - WilAsa s
vice (SQUID) magnetometer up to 55 kG, with the samples - é"’i’%“.ﬁ“.
manually aligned. A specially modified horizontal rotor was Ry
used to obtain the angular dependent data for the SmAgSb
Samples were carefully chosen on the basis of size and ge-
ometry and to minimize the effects of any residual flux on
the surface. Angular dependent torque measurements were
also performed in a Quantum Design Physical Property Mea-
surements SystertPPMS up to 90 kG, using the torque L
magnetometérand horizontal rotator options. Uncertainty in N
the angular position is estimated to be less than one degree. . H'(Meh .
Due to the larger magnetic moments and strong anisotropies 19 20 3'0 40 50
in NdAgSh, and PrAgSh* these samples were unsuitable H (kG)
for measurements in the PPMS.

Resistivity measurements used the temperature-field envi- FIG. 1. Torque as a function of applied field in YAgS#t 2 K
ronment of the magnetometer, with a Linear Research LRtOI' Hllc. Inset: detailed view of the torque as a functionH)Tl
400 AC resistance bridge. A wire saw was used to cut th&etween 60 and 90 kG.
crystals into suitable geometry for resistance measurements ) i . .
with typical dimensions of ¥1x5 mm. Contacts were at- €!d, Gis the reduction factor arising from electron sgins
tached with Epotek-H20E silver epoxy, yielding typical con- th_e number of the harmonic of the oscillation, axnds the
tact resistances of about(L Dingle temperature. . .

Measurements of Shubnikov—de Haas effect under pres- I_n several cases, oscillations are observed in the magneti-
sure in LaAgShand CeAgSpwere performed in an Oxford zation data that are not present in thg torque magnetometer
Instruments cryostat with a variable-temperature insert ang&@ The torque due to quantum oscillations is sensitive to
180 kG superconducting magnet in NHMFL-Los Alamos, the anisotropy of the Fermi surface and is given by
using honmagnetic Be-Cu piston-cylinder clamp-type pres- —1dE
sure cell with a light mineral oil as the pressure media. Pres- T=—— MHV,
sure at room temperature was meastreditu with a man- F dé
ganin resistive manometer. The pressure values at liquidyhereM is given by the LK expression abovéjs the angle
helium temperatures were then calculated using previougt the applied field, an¥ is the volume of the sample. Since
calibration for this celf the torque is dependent on the derivative of the frequency

In all cases, the quantum oscillations were separated frofyith respect to the angle of the applied field, some oscilla-
the background magnetization or magnetoresistance by sulons may not be observed if the field is applied along high-

torque (arb. units)
torque {arb. units)

tracting either a power law or a polynomial fit of t(H),  symmetry directions or if the Fermi surface is spherical.
7(H), or p(H) data. Microcal Origin was used to create the

fast Fourier transform$FFT) of the data, after the back- IIl. DATA AND EXPERIMENTAL ANALYSIS

ground was subtracted. When possible, the data were ac-

quired with varying applied field intervals such that the in- YAgSh,

tervals inH~* were constant. When this is not possible, such  xceptionally clear oscillations are observed in the ap-
as the measurements in the PPMS and the SdH measurgied field-dependent torque of YAgStat 2 K, shown in
ments under pressure, an interpolation routine was used g, 1. The inset to Fig. 1 provides a detailed view of the
generate constam ~* intervals. The number of points used torque as a function of inverse field between 66.7 and 90
in interpolation method was adjusted to check for any artixoe. The two frequencies easily observed in the torque data
facts appearing in the FFT. _ _correspond to strong peaks in the Fourier speig. 2(a)]

The temperature dependence of the amplitude of oscillagt .86 MG(8) and 10.04 MG(8). Smaller signals are also
tions in the magnetization was used to determine the cyclopresent at frequencies of 0.65 M@) and 1.82 MG(7).

tron effective masses. For an orbit with frequericthe am- The temperature dependence of the amplitu®s of
plitude of the oscillation in the magnetizatidMis given by these frequencies, shown in the inset of Figa) 2may be
the Lifshitz-Kosevitch(LK) equation’ used to determine the effective mass of the orbits via the LK
formula, described above. From the slope o] plotted
2\ 112 as a function of temperature, the effective masses were found
M = —2.602X 106( W) to be mg=0.16(2)ng, m,=0.28(2)m,, and m;=0.46(2)

mg, Wheremg is the bare electron mass.
GFTexp —apx/H) {(prF) 1 W} Ar_1 estimate of the topology of the Fermi surface may be
X—zp— sin - , obtained from the angular dependence of the frequencies of
p=“sini(—apT/H) H each quantum oscillation. As seen in Figb)2 the frequen-
cies of thea and y orbits do not diverge with increasing
where a=1.47 (ming) X 10° G/K, A" is the second deriva- angle and may be fit to the angular dependence of the cross
tive of the cross sectional area of the Fermi surface withsection of an ellipsoiddotted line$ with c/a ratios of 4.3 for
respect to wave vector along the direction of the appliedoth orbits. On the other hand, the frequencies ofgrend
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FIG. 2. (a) Fourier spectrum of the oscillations in YAgsfor

. FIG. 3. (a) Fourier spectrum of the oscillations in the torque and
Hllc at 2 K. Inset: Temperature dependence of the amplitudes of the o ) )
observed oscillationgb) Angular dependence of the frequenciés. Mmagnetization of LaAgSpior Hilc at 2 K. Inset: Temperature de

is relative to thec axis. The lines are fits to the cross-sectional areaéoendence of the amplitudes of the observed oscillatidng-ourier
. ’ S spectra of SdH oscillations in LaAgght 4.2 kbars and 2.1 K. Left
of a cylinder(s and 4 and an ellipsoide and ). inset: resistivity as a function of inverse field. Right inset: pressure
dependence of the frequencies of the observed oscillations.
6 orbits appear to diverge with increasing angle and cannot
be fit to the cross section of an ellipsoid with reasonablycies of 0.72 MG(a), 3.22 MG (28), 4.94 MG (3a), and
small c/a ratios. Although theé orbit is not observed at 15.69 MG (8'), which becomes clearer in the SdH data
angles large enough to confirm the shape of the Fermi sushown below. Finally, thes and &’ orbits likely originate
face, the angular dependence at low angles is consistent witfom the same electronic band, discussed later. In the Fourier
a cylindrical branch of the Fermi surface, as discussed bespectra of the oscillations in the magnetization of LaAgSh
low. The solid lines in the figure are fits to the angular de-peaks are present at 0.085 M) and 0.17 MG(2¢), which
pendence of the cross sectional area of a cylinder and agreerrespond to the low-frequency oscillation and its second
well with the experimental data for both orbits. In all cases,harmonic observed in the magnetization as a function of in-
the frequencies, and hence cross sectional areas, are a migerse field.
mum when the applied field is parallel to theaxis (§=0°) The effective masses, calculated from the temperature de-
of the sample. The lack of observed frequencies Wee80° pendence of the amplitude of the oscillatigmset Fig. 3a)],
may be due to the reduction in amplitude of oscillations inare mz=0.16(2)My, mM,z=0.32(2)My, M, =0.28(2)My,
the measured torque near angles with high symmetry, as prandm,=0.42(2)m,. Since the frequency and effective mass
viously discussed. of the 28 orbit are twice that of thes orbit, it is concluded
that the 23 is the second harmonic of th@ orbit. Likewise,
LaAgSh the frequency of the @ orbit suggests that it is the third
2 harmonic of 3.

The field dependence of torque in LaAgSit 2 K and After the removal of the background magnetoresistance,
Hllc is more complicated than that observed in YAgSbhe  Shubnikov—de Haas oscillations are easily seen in the resis-
frequencies of the oscillations are clearly resolved in the FFTivity as a function of inverse field, which is shown in the left
[Fig. 3@)]. Large peaks are present in the spectra at 1.64 MGnset of Fig. 3b). If the frequencies resolved in the FFT of
(B), 4.32 MG(y), and 12.9 MG(). In addition, weak peaks the SdH datdFig. 3(b)] are extrapolated down to zero pres-
in the FFT indicate the presence of oscillations with frequensure, they agree with the dHvA data. The frequencies of the
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FIG. 5. Shubnikov—de Haas oscillations in CeAg3i 2.1 K
FIG. 4. Angular dependence of the frequencies in LaAgihs  and 7.0 kbars. The background magnetoresistance has been re-
termined from the FFT of the torque magnetometer déia.rela-  moved. Inset: pressure dependence of the SdH oscillation.
tive to thec axis. The solid lines are fits to the cross-sectional areas
of a cylinder(y) and an ellipsoid é). Dotted lines are guides to the ratio of the measurements of the dHVA oscillations suffers in
eye. this compound. Despite this significant magnetic back-
ground, Fourier analysis of th®l(1/H) data reveals three
observed orbits increase approximately linearly with prespeaks in the spectrum: a strong pe@k at 0.46 MG, and
sure[right inset Fig. 8b)] with coefficients of 0.07 MG/kbar, weak peaks at 0.92 M@a«) and 1.38 MG(B). The peak in
0.08 MG/kbar, and 0.05 MG/kbar for thg &, andé’ orbits, the FFT below thex peak is an artifact of the background
respectively. subtraction and depends strongly on the method used to re-
The angular dependence of the frequencies of the oscillanove the contribution from the magnetic sublattice. Since
tions in LaAgSh (Fig. 4) is similar to that observed in the frequencies of thea2and 8 peaks are twice and three
YAgSh,. The frequency corresponding to each of the orbitstimes the frequency of the oscillation, these are possibly
is minimal forHllc and increases as the angle increases. Thlaarmonics ofa. However, the amplitude of the oscillation
angular dependencies of th® and the é family of orbits  is larger than the & oscillation, indicating the3 oscillation
suggest the topologies of these parts of the Fermi surface areay originate from a different part of the Fermi surface.
primarily ellipsoidal with the major axis parallel to the  Unfortunately, the magnitudes of the oscillations are insuffi-
axis. The angular dependence of thd @d 3 orbits is  cient for a detailed analysis of the temperature dependence of
consistent with harmonics of th@ orbit. On the other hand, the amplitudes or the angular dependence of the frequencies.
the y orbit diverges more rapidly as the angle approachegither of these methods would help to resolve the ambiguity
90°, suggesting a cylindrically shaped section of Fermi surof the 8 component.
face.

NdAgSh,

CeAgSh, The amplitudes of the oscillations observed in NdAgSh
Unlike the rest of the series, much higher fie{dp to 180 s similar to those observed in PrAgshith an approximate

kG) were required to observe SdH oscillations in CeAgSb amplitude of 103y per formula unit at fields near 50 kG.
As seen in the resistivity as a function of inverse field for
Hllc (Fig. 5, only a single oscillation, with an extremely low 0.014 F . . . . . .
frequency (F~0.25MG at 1.2 kbar is observed in this I SmAgSh,
compound. The frequency of this orbit increases linearly 0.012 Hlc
with pressure with a slope of 0.01 MG/kbar. Although the I

quality of the single crystals of the Ce-containing com- 00107
pounds was comparable to the other samplesidual resis- __0.008

tivity ratio~100, CeAgSh manifests complex ferromag- & L
netism(with a possible conical structureelow 9.6 K and a F0.0067

temperature-dependent resistivity typical of a Kondo lattice. = 0.004
These features suggest that the Fermi surface of CeAgSh

may be substantially different from the other compounds. 0.002
0.000
PrAng2 L I . I . 1 .
_— 35 40 45 50 55
For Hllc at 2 K, de Haas—van Alphen oscillations were H (kG)

observed, superimposed on the nearly linear magnetic back-

ground of PrAgSh Due to the much larger response of the  FIG. 6. Magnetization as a function of applied field in SmAgSb
magnetic moments to the applied fiélthe signal to noise up to 20 K.
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1) to allow detailed study of the frequencies and their ampli-
tudes in the ordered state. Oscillations are also observed well
above Ty, which permits the comparison with the low-
temperature data. Furthermore, the single crystals of
] SmAgSh have the smallest residual resistivity of the

. ] RAgSh, series, and hence would be expected to demonstrate
80 90 100 quantum oscillations with the largest amplitude. Figure 6
shows these oscillations in the magnetization Ktic per-

FIG. 7. (@) Fourier spectra of the oscillations in the torque, SiSting up to temperatures of 20 K. Oscillations in the resis-
resistivity, and magnetization of SmAgSfor Hilc at 2 K. Inset:  tivity are also clearly resolved after the subtraction of the
Temperature dependence of the amplitudes of the observed oscillRackground.
tions. (b) Angular dependence of the frequencies measured by The spectrum of oscillations observed in SmAg$tr
torque magnetometryO) and magnetizatior{l). 6 is relative to  Hlic at 2 K[Fig. 7(a)] is much more complicated than those
the c axis. The solid and dotted lines connect the frequencies obebserved in the other members of the series. In the torque
served in the torque and magnetization data, respectively. data up to 90 kGinset, Fig. 7(a)], strong peaks are present

at 0.54 MG (a), 0.87 MG (B), and 2.05 MG(g). Much
However, the background magnetization2aK for Hilc is ~ weaker peaks in the torque data exist at 0.13 M 1.62
only about 20% of that observed in PrAgStcreating a MG (28), 2.76 MG(20), 3.53 MG(4p), 4.14 MG(2¢), 6.17
more favorable signal to noise ratio. The oscillations areMG (), 8.97 MG(7), and 10.13 MG(9). The Fourier spec-
readily observed irlM(1/H). Two peaks are visible in the tra of the magnetization and resistivity data up to 55 kG are
Fourier spectrum indicating the presence of frequencies aimilar to the FFT of the torque data. However, thescil-
0.56 MG (@) and 1.13 MG(2«). The small maximum in the lation is significantly suppressed relative to the other oscilla-
FFT at very low frequencies changes according to thdions, in bothM(H) andp(H), and thea oscillation is weak
method of background subtraction and therefore is not likelyn p(H). The » and & orbits are not visible in the FFT of
to originate from a quantum oscillation. The oscillations eitherp(H) or M(H), probably due to the lower maximum
were of sufficient amplitude to allow an estimation of the field attainable in the magnetometer.
effective masses of the electronic bands, through the tem- The observation of additional oscillations in SmAgSbh
perature dependence. Fitting the data to the LK equatiomay be the result of two different factors. First, the residual
yields an effective of thev orbit of 0.07(2)m,. The effec-  resistivity in SmAgShkis significantly lower than in the other
tive mass of the @ peak was found to be 0.17(2),, which ~ members of the series. This increases the mean free path of
is twice the effective mass of theoscillation within experi-  the electrons and allows the higher frequency oscillations to
mental uncertainty and consistent with this oscillation beingoe observed at much lower fields, via a reduction in the
the second harmonic of the oscillation. Dingle temperature. Second, SmAgSfrders antiferromag-
netically at 8.8 K, as determined by the temperature-
SmAgSh, dependent susceptibilttyand resistivity(bottom inset, Fig.

8). The new periodicity due to the wave vector of antiferro-

SmAgSh is an ideal compound to study the effects of magnetic ordering may significantly perturb the Fermi sur-
antiferromagnetic ordering on the Fermi surface. The magface and create new extremal orbits. Unfortunately, the exact
netic ordering temperature is large enou@h € 8.8 K) (Ref.  nature of the ordered state, such as the wave vector, is not yet
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known, which prevents an accurate determination of theng. This extra periodicity may significantly perturb the
electronic band structure in the ordered state. Fermi surface by rearranging the sections of the Fermi sur-

The angular dependence of the observed frequefigigs  face and introducing superzone gaps! For example, the
7(b)] is also more complex than any of the other compoundgffect of magnetic ordering on the Fermi surface of rare-
studied here. The frequencies of theB, and 6 oscillations ~ €arth intermetallic compounds has been previously observed
are minimal aHllc and increase with increasing angle. Nonein NdIng which possesses a series of metamagnetic
of these frequencies diverge with increasing angle, suggestansitions® and Smig which has magnetic transitions at
ing the presence of ellipsoidally shaped sections of Fermi4.7, 15.2, and 15.9 K This perturbation of the Fermi sur-
surface. Fitting these data to the cross section of an ellips&ce may be responsible for the appearance of new frequen-
gives c/a ratios of 4.3, 4.0, and 10.8 for the, 8, and ¢  cies belowTy, the phase change, and the anomalous behav-
oscillations, respectively. The, \, and « frequencies also ior in the amplitude of thex oscillation. However, without
appear to be predominately ellipsoidal at low angles. How-explicit knowledge of the ordering wave vector and the band
ever, these orbits are not observed at |arge enough ang]es QHUCtUre of the ordered state, a quantitative anaIySiS of these
accurately determine the topologies of the Fermi surfaceeffects is difficult.

The frequency of the! oscillation is nearly constant with The perturbation of the Fermi surface may account for the
increasing angle, which indicates the existence of a nearl{emperature dependence of the amplitude in several ways.
spherical section of Fermi surface. Finally, additional fre-First, the magnetizatiorM is proportional to A”)~(*2),
quencies, denoteg, v, & and 7, appear at intermediate within the LK expression wherd” is the second derivative
angles and manifest complex angular dependencies. It shoufd the cross sectional area with respect to the wave vector in
be noted that for these orbits, in particular, the solid andhe direction of the applied field. Increasing this curvature,
dotted lines in[Fig. 7(b)] are guides to the eye and only While keeping the extremal cross-sectional area constant,
tentatively represent the angular dependence. The origins ofill diminish the amplitude of the measured oscillation. Sec-
these frequencies are currently unknown and are the subjeefd, €electron-electron scattering may increase in the mag-
of continuing investigation. netically ordered state via an increase in interband scattering

The effect of the magnetic phase transition is particularlypetween two branches of Fermi surface which are in close
evident in the temperature dependence of the amplitude dgiroximity in the ordered state. Since no changes in frequency
the oscillations. As seen in Fig. 8, the temperature deperare readily observable for the oscillation, most likely an-
dence of the dHVA oscillations fdtic significantly deviates ~Other, not observed, band is perturbed by the antiferromag-
from monotonically decreasing amplitude with increasingnetic ordering and hence indirectly affect the carrier-carrier
temperature, which is the behavior expected from thescattering. This effect would decrease at lower temperatures
Lifshitz-Kosevitch (LK) equation. Instead, an anomalous due to the decrease in thermal broadening of the Fermi sur-
suppression of the dHvVA amplitudes is observed rgar  face.

Specifically, the amplitude of the orbit decreases sharply ~ The effect of magnetic ordering may also be seen in a
as the temperature approacﬁ'@ﬁ AboveTN’ the amp"tude shift in the observed phase of the oscillation above and
partial recovers, and may easily be fit to the LK equation.Pelow Ty as seen in theM(1/H) data (top inset Fig. 8
Fitting this data abovdy yields an effective mass of the Since the frequency of the oscillation is constant, within ex-
orbit of 0.06(1)mj,, consistent with the rest of tiRAgSh; perimental resolution, above and below the transition, this
series. Likewise, the amplitude of th orbit (0.87 MG  Phase shift may result from the perturbation of the Fermi
decreases as the temperature approaghewith no obser- Surface due to a new periodicity arising from the magnetic
vation of this signal abovdy. Below Ty, the fit of the prdermg. The section of Fermi surface would havg to altered
temperature dependence to the LK equation is poor, suggedt! such a way that th_e cross-sectional area remains constant,
ing that the magnetic ordering is influencing the amplitude Put the extremal orbit changes from being a minimum to a
Although the orbit is only observed belowy, it is cur- ~ Maximum, or vice versa. Thls_effect may _be seen within the
rently impossible to determine whether this is due to a new-K expression where the relative phase difference between a
section of Fermi surface beloWy or increased scattering Maximal and minimal orbit is 90°, which is approximately
and broadening of the Fermi surface with increasing temthe phase shift observed in the data.

perature. Similar behavior has been previously observed in
YbAs (Ref. 1) and SmSB?

As seen in the lower inset of Fig. 8, the resistivity of
SmAgQSHh increases neary, due to the introduction of spin- Ab initio local-density approximatiofLDA) electronic
disorder scattering in the paramagnetic state. It is possiblbands of YAgSk and LaAgSk were calculated using the
that the additional scattering in the paramagnetic state intight-binding, linear muffin-tin orbitalTB-LMTO) method
creases the Dingle temperature, and hence suppresses thithin the atomic spheres approximatioASA) developed
amplitude. However, if the deviation from the LK behavior by Andersen, Jepsen, and @&ell” Scalar relativistic cor-
were due entirely to the increased scattering from the addirections were included in the calculation and two interstitial
tion of a magnetic component, it is unlikely that the ampli- spheres were added to make the sum of the volume of the
tude of thea oscillation would actually recover immediately spheres equal to the volume of the tetragonal cell. The 4
aboveTy . electrons in Pr, Nd, and Sm are not expected to significantly

When the magnetic sublattice in a compound becomesontribute to the electronic structure near the Fermi energy
antiferromagnetically ordered, new periodicity is introducedsince these electrons are strongly localized and well
into the lattice with the wave vector of the magnetic order-screened. Therefore these electrons may be considered part

IV. THEORETICAL ANALYSIS



PRB 60 de HAAS—van ALPHEN AND SHUBNIKOV-de HAAS . .. 13377

YAgSb, X
/ s ) o | | | |
. T A
i/\‘ N =/ R
7 (n/c) Z, R
i 04r 1
5\ D\ AN
3] 4 | k M 4
5 \\/ 0.3 ¥
N \ ;; ix _ 3 X (r/a)
R . 4
% ~ 02 3 i
_/-\/\
r X M r z R AM 01 .
LaAgSh,
BN 4
%/ = - 0.0 : : : X
— 0.0 0.1 0.2 0.3 0.4 0.5
i T :
— P /_ X
> 4
%’ // /\/X_,_ FIG. 10. The Fermi surface of LaAgglin the k,=0 plane,
o A calculated as described in the text. The four bands crodsinare
W \’—\ % labeled 1—-4. Inset: the Brillouin zone of a primitive tetragonal lat-
y\ \// tice with the high-symmetry points labeled.
. N
v AN
e PN As seen in Fig. 9, this band is very flat between thand Z
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' small amount, for example by changing the lattice constants,

FIG. 9. Band structure ofa) YAgSh, and (b) LaAgSh, calcu-  the topology of this band changes dramatically with the ap-

lated from tight-binding linear muffin-tin orbital calculations within pearance of thin necks connecting this band to the next Bril-

the atomic spheres approximation. louin zone. This modified band is now much more consistent
with the observed angular dependence of fhieequencies.
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of the electronic core. This implies that the Fermi surfaces of
the rest of theRAgSh, series in the paramagnetic state are
expected to be similar to those obtained for YAgSind
LaAgSh.
Figure 9 shows the electronic structure of YAgSind
LaAgSh along several high-symmetry directions. Relevant Y
features of these plots include two bands crossing the Fermi
energy Eg) near thel’ point and the two bands crossifg
near theX point. In addition, another band crosdes be-
tweenI' andZ. This band is particularly important since it
possesses very little curvature, and hence may lead to dra-
matic changes of the topology of the Fermi surface with ©
small changes in lattice parameters or Fermi energy. Figure
10 shows the Fermi surface of LaAgSi the k,=0 plane
of the four bands that crods: with the Brillouin zone of a
primitive tetragonal lattice displayed in the inset.
Three-dimensional plots of the calculated Fermi surface
of LaAgSh, are shown in Fig. 11. Band 1 is centered atlhe
point and is nearly spherical, with a cross-sectional area in
the basal plane corresponding to a frequency of approxi-
mately 4.7 MG forHllc. The vy orbit, observed in SmAgSh
and LaAgSh has a frequency of approximately 4.3 MG. In
LaAgSh, the angular dependence of the frequency is nearly FiG. 11. Three-dimensional plots of the four bands crossing the
constant for low angles, relative télic, which is consistent Fermi surface with the extremal orbits indicated. Bands)fand 2
with the calculated band. However, at higher angles, the fref) are centered dt. Band 4(d) is centered aX. Band 3(c) extends
guency appears to diverge, indicating nonspherical behaviothroughout the zone with the vertices of the squares aKtpeints.
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Although the cross-sectional area fdfic does not depend may cause this band to become more cylindrical and con-
strongly on theEg, this band may also be the origin of thie nected by a thin neck to the next Brillouin zone.
oscillation (6.2 MG) in SmAgSh which is nearly spherical. Under the application of hydrostatic pressure, the ob-
Furthermore, these necks may also help to account for thgerved frequencies in the SdH data increase in CeAgBt
extremely small frequencies observed ftirc in most of the  LaAgSh. It is expected that with sufficient pressure, the
compounds. Although the cross sectional area of the necksFT spectra of LaAgSbwould become similar to that of
for Hilc approximately corresponds to the orbits (0.55 YAgSh,, which has a much smaller rare-earth ion. However,
MG) the angular dependence is not in good agreement, sindbis does not appear to be the case. It is possible that the
the o orbits appear to be ellipsoidal. Better agreement id~ermi surface of LaAgShmay be significantly perturbed by
found in the# orbit of SmAgSh which has a frequency of the previously mentioned transition near 210" lkurther-
0.13 MG and a shape corresponding to either a cylinder or amore, the elastic constants may be highly anisotropic, which
elongated ellipsoid with &/a ratio near 10. prevents a direct comparison between the effects of applied
Band 2 is also centered Bf but is mostly cylindrical with  pressure and rare earth substitution.
an axis along,, This energy band possesses a nearly circu-
lar cross section dt,=0 and a somewhat square cross sec-
tion atk,= m/c. Maximal cross sectional areas fdtic cor-
respond to frequencies of 13.2 and 11.5 MG kg0 and The RAgSh, series of compounds is an ideal system for
w/c, respectively. A minimal area is also observed kgr  the study of changes in the Fermi surface due to different
~0.4ar/c with a frequency of 9.7 MG. These frequencies arerare-earth ions and magnetic order. The excellent quality of
approximately equal to thé and 6’ frequencies observed in the crystals allows the measurement of de Haas—van Alphen
some of the compound$~10.1 MG for SmAgSh 10.04 and Shubnikov—de Haas oscillations at relatively low applied
MG in YAgSh,, and 12.5 MG, 12.9 MG, and 15.7 MG in fields and exceptionally high temperatures. The persistence
LaAgSh,). In SmAgSh and YAgSh, the frequency of th&  of the oscillations in SmAgShup to temperatures as high as
orbit diverges with increasing angle away frdtiic. How- 25 K permits the study of changes in the Fermi surface above
ever, the angular dependence of thdamily of orbits in  and below the ordering temperature. Clearly, significant
LaAgSh, is more closely ellipsoidal than cylindrical. Al- changes in the Fermi surface of SmAgSesult from addi-
though the nature of the transition at 210(Ref. 1) is cur-  tional periodicity introduced by magnetic order. Overall, the
rently unknown, a distortion of the lattices may significantly agreement between the calculated Fermi surface and mea-
alter the Fermi surface at low temperatures. Taken togethesured quantum oscillations is good. Although the smaller fre-
the topology and cross-sectional areasHific suggest that quencies are not accounted for in the calculated Fermi sur-
this band is the origin of thé and 6’ orbits observed in the face, the magnitude of many of the frequencies and their
magnetization and torque data. The experimentally deterangular dependence correlate with @i initio Fermi sur-
mined effective masses of each of the observed frequencidace. Knowledge of the Fermi surface RAgSh, provides
for Hilc are approximately 0.461, in YAgSh, and 0.42m,  important guidelines for the theoretical explanation of the
in LaAgSh. experimentally observed extremely high anisotropic nonqua-
Band 3 consists of adjacent square cylinders with verticegratic low-temperature magnetoresistahas well as may
near each of th& points. One square cylinder is centered atassist in understanding of the magnetic order in these com-
I', and the other is centered at thepoint. Due to the ex- pounds. In addition, high quality samples of SmAgSb
tremely large cross-sectional areas, it is not expected that anwhere the quantum oscillations are observed through the
of the features of this band would be visible in the relativelymagnetic ordering transition in easily accessible magnetic
low fields currently accessible. However, it should be notedield/temperature range, are perfect for experimental studies
that at very high fields, the close proximity of these surface®f the effects of magnetic interactions on the wave form of
may result in magnetic breakdown. de Haas—van Alphen and Shubnikov—de Haas oscillations.
An ellipsoidal hole pocket centered at tiepoint in the Neutron or magnetic x-ray diffraction would be useful to
Brillouin zone is created by band 4. The cross-sectional aregetermine the microscopic nature of the magnetic ordering in
of this band forHllc (6=0°) is maximal atk,=0 and pre- the materials with magnetic rare-earth ions. This knowledge
dicts the presence of a frequency of 0.9 MG. Fbrc (¢  would allow the precise determination of the Fermi surface
=90°), the maximal cross-sectional area of this orbit is ap-in the antiferromagnetically ordered states of SmAgSihe
proximately 3.7 MG, indicating a/a ratio of about 4. Thgg  study of the quantum oscillations at higher fields as well as
frequency is observed in all of the compounds and rangegngle-resolved photoemission and positron annihilation
from 0.86 in SmAgSpto 1.64 in LaAgShk. In each case, the would help resolve larger sections of Fermi surface, not ob-
effective masses calculated from the temperature dependengerved in the relatively low fields currently accessible.
of the amplitudes of the oscillation are approximately
0.17mg. The angular dependence of the measured frequen-
cies suggests ellipsoidal topology in SmAg%ind LaAgSh ACKNOWLEDGMENTS
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